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Abstract
Recently, heat pipes have gained an exceptional reputation as passive systems.
They have become an attractive choice for many engineering applications due to their
simple design, high rate of heat transfer, low weight, and low cost of maintenance [1]. A
Heat pipe consists of a vacuumed shell filled partially with a compatible working fluid.
Three main sections comprise a heat pipe: evaporator, adiabatic, and condenser section.
The heat pipe utilizes the principle of evaporation and condensation for operations, i.e., the
phase change of working fluid. Heat pipe allows high heat rates to transfer over
considerable lengths with minimum temperature differences [2].
An extensive experimental investigation on heat transfer of grooved heat pipes has
been conducted to study and optimize the primary factors affecting its thermal performance.
The heat pipes used in this experimental work were manufactured using an inner grooved
copper pipe with a 12.7 mm outer diameter, 0.8 mm wall thickness, and a length of 440
mm. All heat pipes were charged with ultra-filtered deionized (DI) water as the working
fluid. The heat pipes were systematically tested in a large range of heat loads. Also, the
tests were conducted to understand the effect of inclination angles on the heat pipe’s
performance. One of the most attractive research topics in recent years is to modify surface
wettability into hydrophilic and/or hydrophobic surfaces using micro- and nano-fabrication
techniques. These types of surfaces have great potential to enhance heat pipe performance.

v

The most common process to refine the surface wettability is to modify metal surfaces into
hydrophilic/hydrophobic by chemical reactions. The chemical treatment of a surface can
greatly change the contact angle, which would augment the evaporation and condensation
heat transfer and hence, significantly increase the heat pipe thermal performance. Thus,
surface wettability is chosen as an essential factor to study in this research. Another major
factor that affects heat pipe performance is the filling ratio. Usually, increasing the filling
ratio will enhance the evaporation and condensation heat transfer coefficients, however, a
high filling ratio could lead to flooding. Yet, an optimum value of the filling ratio exists.
The optimum filling ratio varies with heat pipe designs and operational conditions. Hence,
the filling ratio is the second main factor investigated in this dissertation.
The experimental work is presented in three individual chapters. In the first chapter,
nanoengineered surfaces including two different types of hydrophilic copper oxide coating
CuO are integrated on the inner surface of the evaporator section of the heat pipe. The two
types of coating studied in this chapter denoted by Type I and Type II. Heat pipes with
these two types are characterized and compared to a reference heat pipe without coating.
The outcome of this section is that copper oxide Type I CuO coating outperforms the Type
II CuO. An 81.2% reduction of heat pipe thermal resistance is recorded using Type I CuO
coating compared to the bare copper heat pipe. Also, the highest effective thermal
conductivity of the heat pipe with coating has been demonstrated at ~60 kW/m.K.
In the second chapter, using the higher performance coating from chapter one, Type
I CuO coating, the filling ratio is varied to optimize the performance. Four different heat
pipes with four filling ratios are studied: 3%, 5%, 10%, and 15% of evaporator section
volume. The results showed that 5% FR represents the optimum filling ratio for such heat
vi

pipe in testing working conditions. Effective thermal conductivity of 100 kW/m.K has been
achieved in the optimal filling ratio.
In the third chapter, after discovering the potential of surface wettability alteration
in enhancing the thermal performance of the heat pipe, nanoengineered surfaces integrated
on both evaporator and condenser sections of the heat pipe. In this part of the research, five
heat pipe samples are fabricated with five different surface wettability configurations. One
of the five samples was a pristine copper heat pipe with no surface wettability alteration
that is used as a reference. Hydrophilic, hydrophobic, and a mixture of both are
implemented. Each surface was characterized by contact angles. Copper oxide CuO coating
used as the hydrophilic surface, while self-assembled monolayer (SAM) was the
hydrophobic coating used throughout this part. The heat pipe with copper oxide CuO
coatings in the evaporator section and SAM in the condenser section can reduce the thermal
resistance by 96% compared to the heat pipe without coatings. In terms of corresponding
effective thermal conductivity, the heat pipe reached 130 kW/m.K.
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Chapter 1
Introduction

1

1.1 Background
In 1944, R. S. Gaugler of General Motor Corporation patented the first heat pipe. He
described his invention as “a closed system partially filled with a volatile liquid’ [1].
Unfortunately, the invented heat pipe did not make it beyond the patent stage. However, in
1963, George Grover and his coworkers rediscovered the concept and manufactured a heat
pipe T the Los Alamos National Laboratory. They used water as a working fluid at first,
and later they implemented different types of working fluids to cover higher ranges of
operating temperatures. They reported the operation and construction of a “Structure of
Very High Thermal Conductance.”. It was compared to purely conductive metallic
structures, heat pipes transfer heat passively, and more effectively [2].
Heat pipes are self-contained, high heat transfer devices that use working fluid latent
heat of vaporization as the primary mode of energy transport Fig.1. Heat pipes are a
pressure-tight vessel containing a working fluid inside. There are plenty of materials for
vessels and plenty of types of working fluids, Table 1.1 &1.2. Operating conditions will be
the criteria in choosing the suitable combination of the vessel and the working fluid for a
heat pipe design. Typically, a porous wick/grooves attached to the inside walls of the heat
pipe will serve as an energy transport medium. The heat pipe consists of three sections
evaporator, adiabatic, and condenser section. Although, for some specific designs, heat
pipes can have multiple evaporator or condenser sections or have no adiabatic section. In
operation, heat absorbed through the evaporator section will vaporize the working fluid in
the wick structure/groove and increase its pressure. The condensate formed at the
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condenser section will be reabsorbed by the wick/groove and driven back to the evaporator
section by capillary induced flow [3].

Figure 1.1 Typical heat pipe operation (TechPowerUP)

Table 1.1 Working fluids properties [4].

Fluid
Cryogenic Applications

Tcp (°C)

Tb (°C)

Ttp (°C)

LHV
(kJ/kg)

Helium (He)

−267.9

−268.9

−270.9

21

Hydrogen (H)

−239.9

−252.7

−259.3

461

Neon (Ne)

−228.7

−246

−248.6

86.3

Nitrogen (N2)

−146.9

−195.8

−210

199

Argon (Ar)

−122.3

−185.8

−189.3

162.3

Oxygen (O2)

−118.5

−182.9

−218.3

213

Methane (CH4)

−82.5

−161.7

−182.4

510.8

3

−63.8

−153.2

−157.3

107.5

−45.6

−127.9

−183.7

135.9

Xenon (Xe)

16.6

−108.1

−111.7

96.3

Ethane (C2H6)

32.3

−88.5

−183.2

489.4

Freon R22

96.1

−40.8

−157.4

233.7

Freon R410a

72.8

−48.5

−73.1

256.7

Propane (C3H8)

96.8

−42

−187.6

428

Ammonia (NH3)

132.3

−33.2

−77.7

1369.5

Freon R134a

100.9

−26.5

−103.3

215.9

Freon R21

178.3

8.8

−135

239.4

Freon R11

197.9

23.7

−111.1

181.3

Pentane (C5H12)

196.7

36

−128.7

367.3

Freon R113

214

47.6

−36.2

13.2

Acetone (C3H6O)

235

56.2

−94.3

538.4

Methanol (CH3OH)

239

64.6

−97.7

1100

Ethanol (C2H6O)

241

78.3

−123

837

Heptane (C7H16)

266.8

98.3

−90.6

318

Water (H2O)

373.95

99.9

−0.05

2264.76

Toluene (C6H5-CH3)

320

110.6

−95

351

Krypton (Kr)

Carbontetrafluoride
(CF4)

Low Temperature
Applications
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Table 1.2 Materials compatibility [4].
Fluid

Cryogenic
Applications

LowTemperature
Applications

Casing Materials Compatibility
Metals

Elastomers

Polymers

Aluminum Copper Stainless Ferritic
Steel
Steels

Silicon

PTFE,
PCTFE,
PVDF, PA,
PP

Helium (He)

✓

✓

✓

✓

Hydrogen (H)

✓

✓

✓

✓

Neon (Ne)

✓

✓

✓

✓

Nitrogen (N2)

✓

✓

✓

✓

✓

✓

Argon (Ar)

✓

✓

✓

✓

✓

✓

Oxygen (O2)

✓

✓

✓

corrosive
in the
presence
of
moisture

✓

✓

Methane (CH4)

✓

✓

✓

✓

Krypton (Kr)

✓

✓

✓

✓

Carbontetrafluoride
(CF4)

✓

✓

✓

✓

Xenon (Xe)

✓

✓

✓

✓

Ethane (C2H6)

✓

✓

✓

✓

Freon R22

✓

Freon R410a

✓
✓

✓

✓

✓

Ammonia (NH3)

✓

corrosive
in
presence
of
moisture

✓

✓

✓

PTFE, PVDF

PTFE, PVDF

✓
✓

✓

✓

Freon R134a
Freon R21

✓

Freon R11

✓

Pentane (C5H12)

acceptable

Freon R113

Methanol (CH3OH)

PCTFE,
PVDF, PA

PTFE

Propane (C3H8)

Acetone (C3H6O)

✓

acceptable

✓

✓

✓

PTFE, PVDF

✓

✓

PTFE
✓

✓

✓

✓

PTFE, PVDF

✓

✓

✓

PTFE

✓

✓

✓
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✓

✓

Fluid

Casing Materials Compatibility
Metals

Elastomers

Polymers

Aluminum Copper Stainless Ferritic
Steel
Steels

Silicon

PTFE,
PCTFE,
PVDF, PA,
PP

Ethanol (C2H6O)

acceptable

acceptable ✓

acceptable acceptable

Heptane (C7H16)

✓

✓

✓

✓

PTFE, PVDF

Toluene (C6H5-CH3)

✓

✓

✓

✓

✓

The adiabatic section, associated with no heat transfer in modeling, is the region that
connects the evaporator to the condenser section. It serves as the channel that transports
working fluid and vapor from one end to the other.
Many characteristics have contributed to the widespread utilization of heat pipes in
broad applications such as: capacity of transferring large heat fluxes with minimum
temperature difference through small cross-section areas, simplicity of design and ease of
fabrication, totally passive system with no external pumping power required for water
transport within the heat pipe, and the ability to operate in different conditions and
orientation and in the absence of gravity. Heat pipes have been utilized in a wide range of
applications starting by Aerospace and Astronautics, Energy Conservation, Industrial Use,
and Natural Energy Utilization, Computers and electronics cooling, and Global Warming
and the Environment [5], Fig. 1.2. Heat pipes have been implemented in addressing thermal
management problems [6, 7]. Worldwide, a monthly rate of around 15 million pieces of
the heat pipe is manufactured to be used for the cooling of computers and electronic
products [3].

6

Figure 1.2 Heat pipe applications (Fujikura.com).

1.2 Literature review
1.2.1 Surface wettability (coating)
A wide range of research has been conducted in the area of surface wettability
enhancement for a heat pipe. Ji et al. [8] Experimentally investigated and visualized the
potential in enhancing condensation heat transfer on a stainless steel substrate by
integrating a super hydrophilic-hydrophobic (SHPi-HPo) network hybrid surface. They
divided the substrate into super hydrophilic grooves and hydrophobic regions. Three
configurations were tested by changing the grid spacing: 1.5 mm named SHPi-HPo-1, 2.5
mm named SHPi-HPo-2, and 3.5 mm named SHPi-HPo-3. Multiple factors studied, such
7

as grid spacing, steam mass flux, wall subcooling, and cooling water temperature, and mass
flow rate. The results showed that the heat transfer coefficient of SHPi-HPo-2 is 2.7 and
3.4 times that of a Hydrophilic surface and hydrophobic surface for a wall subcooling ΔTW
= 6.3 K respectively. Among the three configurations studied, SHPi-HPo-2 proved to have
the best performance compared to the other two surfaces such that it has a0-10% higher
condensation heat performance and 1.7 times heat transfer coefficient compared to SHPiHPo-1 and SHPi-HPo-3 respectively. Wong et al. [9], Used copper flat heat pipe with glass
plate cover to investigate and visualize the potentials of enhancing evaporation
performance using different wettability surfaces. By changing the time exposure of air,
they were able to create varying degrees of wettability on the surface. Water, methanol,
and acetone were the working fluids. Measuring the static contact angle on a flat copper
surface was the characterization method implemented. Results showed, when the heat pipe
was exposed more to air, it lead to less critical heat loads while the evaporation resistance
will not be affected. Meanwhile, for methanol and acetone, changing the exposure time
will not affect/change the critical heat loads or evaporation resistance. These differences
due to different figures of merit working fluids. Kumar et al.[10] studied the wettability
effect on pool boiling heat transfer using 25 mm hollow copper cylinder and de-ionized
(DI) water as a working fluid. Five samples were fabricated and studied; Fig A. multiple
parameters monitored throughout the study, such as heat flux, bubble dynamics, and heat
transfer coefficient (HTC). The sample with hydrophobic polymer printed pattern showed
98.5% enhancement in heat transfer coefficient compared to the plain copper sample.

8

Figure 1.3 Schematic representation of different surfaces and its details and contact
angles [10].
Singh [11] implemented a mathematical model to investigate and explain the
underlying mechanism of enhancement achieved by integrating the gradient wettability
surface in a heat pipe. The model based on the case of a contact angle increase from the
evaporator to the condenser section. The model included a different set of gradient change
in contact angle through the length of the heat pipe. Multiple filling ratios were investigated
in the model. After comparing results, the optimal wettability gradient configuration found
to be with (CA=55°) at the condenser and (CA=10°) at the evaporator. The heat transfer
capacity of the heat pipe with the optimum wettability gradient configuration showed a 90%
enhancement. Cheng [12], Experimentally investigated and modeled the effect of gradient
wettability surfaces on a grooved copper heat pipe thermal performance. Alkali oxidation
technique was used to fabricate a gradient wettability surfaces on the inner side of the heat
pipe with a contact angle that varied from the evaporator to condenser section. The heat
pipe with a (CA = 20°-85°) in the adiabatic section achieved a 92.6% reduction in thermal
resistance compared to the untreated heat pipe. 17.5% was the error reported in results
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comparing the experimental and the modelling which considered a good agreement.
Manjinder et al. [13], a methodology is presented and investigated through a one
dimensional model for micro heat pipe’s thermal performance enhancement. The
methodology was conducted by integrating gradient wettability surfaces on the inner
section of the micro heat pipe. Three main gradient wettability schemes, different contact
angles, were investigated in this analysis including: uniform, step-variation, and linear
variation gradient wettability surfaces. The modeling included various working fluids and
a wide range of heat inputs. The outcomes showed the ability of achieving a 35%
enhancement in heat transfer capacity when using high wettability at the evaporator, CA =
10°, and less wettability at the condenser section, CA = 50°. Claiming the enhancement to
the redistribution of working fluid by altering the wettability of the inner surface, which
will enable the heat pipe of withstanding higher heat inputs before drying out. Krishnan
[14] experimentally managed to augment the performance of miniature loop heat pipe by
electrodeposition of Copper Nanowires (CuNW) at the evaporator section. Three different
diameter Copper Nanowires (CuNW) were used: 35, 70, and 130 nm. The reported
enhancement is related to many factors such as morphology, dimensions, and wettability.
For the wettability side of the equation, the measured contact angle of plain copper was
68°, while for the coated surface was less than 20°. The diameter of the Copper Nanowires
(CuNW) affected the contact angle such that three different contact angles were obtained
for the three diameters used: 15° for 35 nm diameter, 17° for the 70 nm diameter, and 20°
for the 130 nm diameter CuNW. The decomposition of these nanowires on the evaporator
section led to a 2.7 times higher heat transfer coefficient and one-third reduction in thermal
resistance compared to a heat pipe without nanowire coating. Huang [15], experimentally
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managed to enhance the capillary performance of stainless steel heat pipe. In their work, a
stainless-steel fiber powder (SSF-PCW) was sintered as a composite wick structure inside
the heat pipe. Five wick configurations were investigated. The capillary performance
characterization was detected by IR thermal imaging method. SSF-PCW proved by
experimental results to augment the thermal performance of the heat pipe due to enhanced
balance between permeability and capillary pressure. Results indicated 1.6 and 2.64 larger
ΔPcap·K compared to micro-grooved wick and V-grooved composite wick respectively.
Tang [16], weaving, chemical deposition, and sintering processes were used
experimentally to enhance the thermal performance of an ultra-thin heat pipe. A copper
mesh wick was integrated on the inner side of the heat pipe. Ethanol and acetone are used
to test and examine the capillary performance of the sintered wick through a rise test. The
rise test was visualized using Infrared (IR) thermal imaging. Many factors affecting the
mesh wick structure were investigated in this work such as deposition time and sintering
temperature to obtain the optimum fabrication conditions. In this case, 15 minutes
deposition time with 550 C sintering temperature proved to produce the optimum
efficiency mesh wick structure. Yang et al. [17] tested multiple wettability surfaces such
as hydrophobic, hydrophilic, super hydrophilic, and hydrophobic-hydrophilic patterned
surfaces to investigate the possible enhancement in condensation heat transfer. These
surfaces were tested under various air velocities and relative humidity. All surfaces were
equipped with inverted V shape grooves to direct condensate. The super hydrophilic
surface fell behind in heat transfer performance manners compared to other surfaces, as
film wise condensation is the main heat transfer mechanism accompanied with this type of
surfaces. In contrast, the hydrophilic-hydrophobic surface shows the best performance,
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with 3-9% higher heat transfer than the hydrophobic surface, 6-16% higher than the
hydrophilic surface. Lee [18] tested and modeled the enhancement of thin flat-plate heat
pipe by a coated mesh wick structure. Copper was the material used in fabricating this heat
pipe. The coating used is a nanostructure super hydrophilic coating. The highest thermal
conductivity recorded for the novel heat pipe was around 3000 W/m.K under vertical
orientation conditions, whereas for copper it is 400 W/m.K. Furthermore, they
implemented the idea of flexibility when the heat pipe was curved, in such case the thermal
conductivity was reduced by 10-20%. Wen et al. [19] developed and investigated a
nanostructured, nanowire, hydrophobic surface for enhancing condensation heat transfer
on copper surface. Theoretically and experimentally it was shown that implementing this
type of nanowire surfaces enhanced the overall heat flux by 100% compared to a plain
hydrophobic surface. This enhancement is linked to the highly efficient droplet jumping
accompany this type of surface. Shirazy [20], in their work, targeted one of the main issues
that faces chemically synthesized wettability surfaces, which is transition, in this case the
transition from hydrophilic to hydrophobic due to ambient air exposure. In this case, copper
metal foam is the surface of interest. The main cause of transition is thought to be the
formation of copper oxide layer on the surface. The degradation of hydrophilicity on
surfaces due to different atmospheric conditions were experimentally investigated.
Changes in surface morphology and chemical composition were monitored through XPS
and TOF-SIMS. As a result, the copper foam surface showed the potential for absorbing
the volatile organic compounds (VOCs) from the air, which caused the hydrophilic to
hydrophobic transition. To further justify the outcome, the immersion of a hydrophilic
copper metal foam surface in a liquid VOC was tested, which showed the transition into
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hydrophobic surface. Whereas, it was found that the surface chemistry is the leading cause
of hydrophobicity rather than the morphology. Jafari et al. [21] utilized advanced 3D metal
printing technology to fabricate a stainless steel porous structure for the reason of capillary
forces enhancement in a heat pipe. Multiple factors were considered in the design and
fabrication of the porous structure such as: porosity (ε), capillary performance (K/reff),
liquid permeability (K), effective pore radius (reff). The characterization of the permeability
of the structure were conducted through height-time (h-t) and weight-time (w-t) tests. Even
though the fabricated structure is with a high capillarity, observation showed that
gravitational forces has major effect of its performance. The 3D structure proved to
augment thermal performance of the heat pipe as the overall results showed 1-6 higher
capillary performance (K/reff) compared to conventional heat pipe wick structures. Deng et
al. [22] used the free energy lattice Boltzmann method, the vapor condensation on a solid
surface is modeled and developed to simulate the effect of gradient wettability surfaces.
The effect is characterized by investigating many factors such as: droplet growth,
nucleation, deformation, coalescence and motion. The results indicated the major effect of
surface wettability on condensation. The enhancement occurred due to the timely manner
sweep of the droplets such that favorable conditions presents for a consecutive condensate.
Hsu [23] modified the topography and chemistry of a copper surface by using
Nano-silica particle coating. The Nano-silica particles helped to alter the wettability of the
copper surface. The particles used to create super hydrophilic and/or superhydrophobic
surfaces on the copper. The modified copper surface tested under heat to investigate the
effect of these particles on the pool boiling. The immense bubble growth was the main
factor in degrading the Critical Heat Flux (CHF), while for the super hydrophilic surface,
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the bubble size was smaller. Ji et al. [24] implemented nano-structured surfaces to create
three vapor chamber heat pipe samples with different wettability. The main goal was to
improve the thermal performance by switching heat transfer mechanisms between
nucleation and convection inside the heat pipe. Sample number one equipped with equal
wettability surfaces, has no Nano-structured surfaces, sample number two was a moderate
wettability difference, and sample number three has opposite wettability surfaces. The
super hydrophilic evaporator and super hydrophobic condenser sample showed to have a
reduction of two thirds in thermal resistance compared to sample number one. They
claimed the main reason of enhancement to the larger number of active nucleation sites
created by the nano-structured surfaces compared to a conventional convection mechanism
for the sample with no Nano-structured surfaces. Xie et al. [25] showed that in a flat microheat pipe (FMHP), the highest thermal performance could be achieved by lowering the area
of the capillary structure and increasing the capillary forces. Thus, a pulsed laser fiber
utilized in this work to create gradient wettability surfaces to augment the capillary forces.
The regulation of the established surface conduct by hydrogen peroxide immersion process.
The measured contact angle on the laser-treated sample found to be 0°-45°. The outcome
of this work showed that the thermal resistance of the treated sample was ten times less
than the untreated sample. The lowest thermal resistance recorded was 0.002 C/W, and 50
W was the maximum thermal power.
1.2.2

Filling ratio
Akkus et al. [26] utilized simulation to study the effect of filling ratio on the thermal

performance of nanoscale heat pipe. The nanoscale heat pipe was equipped with nano
grooves. Two samples with different dimensions were tested to further investigate the
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geometry effect on the thermal performance. It was found that at a specific filling ratio, the
optimum performance will occur. Below that limit, the dry out conditions happen due to
the dominance of the conduction heat transfer mechanism. Above the optimum filling ratio,
the thermal resistance will increase due to thicker liquid film at the evaporator section. Five
filling ratio cases were studied, showing that the optimum filling ratio in this work was
0.43 for both heat pipes. Lips [27] tested a flat plate heat pipe (FPHP) experimentally to
investigate the effect of the filling ratio on thermal performance. They defined fr as the
ratio between the internal volume of the FPHP and the working fluid volume. One of the
conclusions drawn from this work, and as shown in many other conducted heat pipe
researches, the amount of working fluid below the optimum filling ratio will lead to a dry
out conditions at the evaporator section. Meanwhile, for the amount of working fluid above
the optimum filling ratio, the condenser section will be flooded. A wide range of filling
ratios, 5% - 80%, tested to determine the optimal filling conditions. As a result, it was
found that for such heat pipe the optimal filling ratio between 10-25% for which less than
0.1 K/W thermal resistance was recorded at the evaporator section. Lucang [28], conducted
another experimental study to show the existence of optimal filling ratio conditions on a
miniaturized flat plate heat pipe. The charging ratios tested in this work were 20% - 55%.
The outcome of this work showed that the optimal charging conditions range between
26.7% - 37.6%, where the lowest temperature differences recorded on the heat pipe ends.
Furthermore, the results showed that within this range of charging ratio, the gravity effect
was kind of negligible, which supports the application of heat pipe in mobile electronics
cooling. Alijani et al. [29], the filling ratio effect on the thermal performance was
experimentally investigated. A theoretical model for flow and evaporative mass was
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utilized to explain the experimental results. 0.2, 0.4, 0.8, and 1.6 mm were the width of the
grooves inside each of the four heat pipe samples tested G-200, G-400, G-800, and G-1600,
respectively. For each sample there were three filling conditions that were tested such as
Full-flooded, optimum, and dry. Measuring the optimum filling ratio conducted by
comparing the temperature differences and effectiveness. The maximum effectiveness
recorded for G-200, G-400, and G-800 was at a filling ratio of 11.5, 4.2, and 2.5,
respectively. Which makes these filling ratio the optimum conditions.

1.3 Objective of Dissertation
The main goals of this work are to investigate, analyze, characterize, and enhance
the thermal performance of a helically grooved copper-water heat pipe. Ultra-filtered
deionized (DI) water was used through this work as the working fluid. This work targeted
two main effective factors for enhancing the heat pipe thermal performance: gradient
wettability and filling ratio. The goals of the study were approached through two cases of
study:
1- Capillary forces play a significant role in transporting working fluid within heat
pipes. They have a massive influence on the thermal performance of the heat pipe.
Thus hydrophilic, hydrophobic, and a mixture of hydrophilic-hydrophobic surfaces
were integrated on the inner surface of the heat pipe to alter and obtain a desirable
surface for the sake of thermal performance enhancement.
2- Most dry-out cases in heat pipe applications occur due to the lack of working fluid
at the evaporator section. Hence, the filling ratio was the second factor in this study,
which was extensively studied under different working conditions and orientation

16

and with various heat pipe configurations to obtain the optimum filling ratio for this
work.
These points were targeted and investigated through three individual studies were
each of these studies has its own sub-objectives as summarized below:
1.3.1 High-Performance Copper-Water Heat Pipes with Nanoengineered Evaporator
sections.
The wettability of the evaporator section of the grooved copper-water heat pipe was
improved using chemically synthesized hydrophilic copper oxide surfaces (CuO). Two
types of hydrophilic coating were integrated and tested. Denoted as Type I and Type II
coating. Three identical heat pipe samples were fabricated; two samples were equipped
with two different types of coating; while the third sample was uncoated and was used as
a reference for the comparison reasons. A water rise test was conducted to characterize and
differentiate the two types of coatings. The heat pipe sample with Type I coating owned
the best thermal performance compared to the other two samples.
1.3.2 Filling ratio optimization for a high performance nanoengineered copper-water
heat pipe.
After determining the best sample from the first research, Type I CuO coating, this
configuration could use further enhancement. In this chapter, the filling ratio was studied
and analyzed in order to obtain the optimum filling condition for such heat pipe. Four
different filling ratios were proposed and tested: 3%, 5%, 10%, and 15% FR. These
percentage compared to the total volume of the evaporator section itself. The sample with
Type I coating was the targeted sample. The outcome of this chapter of the work showed
the existence of three cases:
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1. Underfilled conditions, in which that heat pipe will suffer dryout conditions as
soon as the heat input increased beyond 30W. The 3% FR showed to lie under
this category.
2. Optimum filling conditions in which the thermal performance will start high
and keep improving as the heat input increase due to a sufficient amount of
working fluid available. 5% was the optimum filling ratio.
3. Overfilled conditions, in this case, the heat pipe showed poor thermal
performance due to the abundance of working fluid at the evaporator section,
which leads to pool-boiling conditions. 10% and 15% FR fell under this
category.
1.3.3 Thermal performance optimization of copper-water heat pipe by hydrophilic
and hydrophobic nanoengineered surfaces.
Enhancing the wettability of the heat pipe showed promising advancement in
thermal performance. Thus in this chapter, the enhancement extended to include the
condenser section too. Hydrophilic, Hydrophobic, and a mixture of both were integrated
on the inner surfaces of the heat pipe, evaporator, and condenser, to investigate the
enhancement abilities. The adiabatic section was kept uncoated. The evaporator section
fitted with a hydrophilic coating, meanwhile multiple configurations applied at the
condenser section. Four main samples were studied with different coating configurations,
and the fifth sample was uncoated that used for comparison.
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1.4 Layout of Dissertation.
This dissertation consists of five chapters. In chapter one, an introduction about
heat pipe history and development combined with a review gathered from available heat
pipe researches regarding wettability enhancement and the filling ratio are introduced, at
the end of this chapter, the main objectives of this work are declared.
Chapters two, three, and four are written in paper form. Chapter two is published
in the (International Journal of Heat and Mass Transfer), while chapters three and four are
in the submission process. Therefore, some information may be repeated in some cases for
the sake of clarification for each paper.
The last chapter, chapter 5, presents the summary of the work conducted within this
dissertation and outlines the main conclusions drawn. Future work’s recommendations and
ideas are also included in this chapter.
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Chapter 2
High-performance copper-water heat pipes with nanoengineered evaporator
sections1

1

Abdulshaheed, Ahmed A., et al. "High performance copper-water heat pipes with nanoengineered
evaporator sections." International Journal of Heat and Mass Transfer 133 (2019): 474-486.
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2.1 Abstract
This experimental investigation aims to enhance the performance of heat pipes
through nanoengineering the evaporator section by integrating hydrophilic copper oxide
(CuO) nanowires on the inner surface. Two types of CuO nanowires have been employed.
Copper pipes measuring 440 mm in length with 12.7 mm O.D. and 0.8 mm wall thickness
with inner grooves were used to manufacture heat pipes. All heat pipes were charged with
ultra-filtered deionized (DI) water as a working fluid. By employing the hydrophilic CuO
nanowires coating in the evaporator section of a heat pipe, its performance is substantially
enhanced compared to a heat pipe with identical dimensions without the coating.
Specifically, thermal resistance is reduced by 81.2% when using Type I CuO and 72%
using Type II CuO nanowires compared to a heat pipe without coatings. The effects of the
working load and orientation on the heat pipe thermal resistance have been systematically
examined.
Keywords: High-performance heat pipe, Nanoengineered evaporator, Copper oxide
nanowires.
Highlights:
•

The substantial enhancement of grooved copper heat pipe performance by
nanoengineering evaporators with nanoscale copper oxide (CuO) coatings.

•

Utilization of hot alkali immersion process to produce two types of CuO coatings.

•

Achieving a maximum reduction of 81.2% in terms of thermal resistance using the
Type I CuO coating compared to the heat pipe without coatings.

•

Investigation of an anti-gravity case to deduce the difference in the performance of
the two nanoengineered surfaces.
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Nomenclature
A

area

i

inner

d

diameter

in

input

F

force

ins

insulation

g

gravity

loss

losses

h

heat transfer coefficient, height

o

outer

hfg

enthalpy for evaporation

s1

insulation surface, location 1

I

current

s2

insulation surface, location 2

k

thermal conductivity

t

total

L

length

w

wall

Q

heat input

wk

wick

r

radius

R

thermal resistance

θ

contact angle

T

temperature

α

accommodation coefficient

t

time

δ

uncertainty

V

voltage

μ

dynamic viscosity

Subscripts

ρ

density

a

ambient air, adiabatic

σ

standard deviation

c

condenser

e

evaporator

eff

effective

g

gravitational force

Greek Symbols
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2.2 Introduction
Heat pipes are two-phase heat transfer devices that are capable of dissipating a large
amount of heat within small temperature differences; hence, they are utilized in many
applications such as solar heating systems [1], the cooling of electronic components [2],
and air-conditioning systems [3]. A heat pipe consists of three main sections: evaporator,
adiabatic section, and condenser. The evaporator section acquires heat through liquid
evaporation. High-pressure vapor flows to the other end of the heat pipe, i.e., the condenser
section, and rejects the heat to ambient through condensation. Condensate is pumped back
from the condenser section to the evaporator section by the capillary force generated by
wicks, occasionally with the assistance of gravity. The evaporation and condensation
processes inside the heat pipe repeat, resulting in a highly efficient heat transfer mechanism.
Numerous efforts have been made to improve the performance of heat pipes by engineering
its evaporator [4-8].
Heat pipe performance can be significantly affected by two key parameters: filling
ratio and inclination angle [9]. Many experimental studies have been conducted to
understand the impact of these two parameters on heat pipe performance [10-14]. For
example, Manimaran et al. [15] conducted a series of experiments on copper heat pipe
using deionized (DI) water as a working fluid with four different inclination angles. The
results indicated that the thermal resistance and efficiency of a heat pipe is affected directly
by the charging ratio. They showed that the thermal resistance decreased as the charging
ratio increased up to 75% of the evaporator section volume of the heat pipe. Above this
range, the thermal resistance started to increase as the charging ratio increased. They
concluded that an optimized heat pipe performance was achieved with an inclination of 30o
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and a 75% charging ratio. The orientation of the heat pipe plays a vital role in determining
its performance due to the role of gravity in driving the condensate back to the evaporator
section. A study carried out by Hu et al. [16] investigates the effect of inclination angle on
two types of heat pipes: Photovoltaic/thermal (PV/T) wickless heat pipe and PV/T wire meshed heat pipe. They found that the inclination angle has a significant effect on wickless
heat pipes, whereas the impact of the inclination angle was insignificant for the mesh heat
pipes. This is due to the capillary force produced by the mesh that dominates liquid cycling
inside the heat pipe. Besides, the highest heat pipe performance obtained was at an angle
of 40° in both systems.
Two primary methodologies have been developed to improve heat pipe
performance: (a) using more conductive working fluids such as nanofluids [17, 18], and (b)
improving evaporation and liquid returning and spreading by modifying the inner surface
such as by applying porous coatings [19]. Regarding the first approach, Sözen et al. [20]
investigated the effect of fly-ash and alumina nanofluid on three copper heat pipes. Three
heat pipes were charged with three different working fluids. The charging ratio was 33.3%
with three heat loads (200 W, 300 W, and 400 W) at three different coolant flow rates of
5, 7.5, and 10 g/s, respectively. The results demonstrated a 30.1% reduction in thermal
resistance using fly-ash instead of water as a working fluid. Meanwhile, a reduction of 5.2%
on the alumina nanofluid heat pipe was achieved. It was found that the enhancement was
a result of the nanoparticles deposition on the inner surface of the heat pipe. Kole et al. [21]
showed experimentally the advantages of using copper-water nanofluid in a screen mesh
heat pipe over regular water as a working fluid. They claimed that the enhancement
achieved was due to the deposition of Cu nanoparticles on the screen mesh. A total
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reduction of 27% of thermal resistance was achieved using the nanofluid over water.
Similarly, Teng et al. [22] experimentally investigated the enhancement of heat pipe
performance utilizing two kinds of working fluids: DI water and Al2O3-water nanofluids.
Many parameters were examined in their study, including charge ratio, concentrations of
nanoparticles, and the tilt angle. Three different concentrations were used: 0.5, 1.0, and 2.0
wt.%. Heat pipe thermal efficiency increased by 16.8% using 1.0 wt.% Al2O3-water over
the DI water heat pipe. Both heat pipes showed performance improvements as the
inclination angle increased up to 60o, above which, heat pipe performance started to drop.
Beyond these advances, numerous experiments have been performed to investigate
the impact of inner surface modifications on the heat pipe performance. Min et al. [23]
demonstrated the effectiveness of copper surface treatments on a finned heat pipe
experimentally. The hydrophilic coatings synthesized by immersing the heat pipe in a
solution of sodium hydroxide (NaOH) and potassium persulphate (K2S2O8). This
experiment proved that these methods of treatment efficiently promoted the surface
wettability so that the cooling capacity of the treated heat pipe was increased significantly
compared to the untreated one. Also, Cheng et al. [24] manufactured a 190 mm-long
grooved copper heat pipe with a gradient wettability surface on the inner side. Alkali
assistant oxidation technique was implemented to fabricate the coating. The test ran in a
horizontal orientation to avoid the gravity effect. With a contact angle (CA) ranging
between 20° and 85° on the inner surface of the adiabatic section, a 92.6% reduction of
thermal resistance was reached compared to the heat pipe without coatings.
Additionally, a 69.7% reduction of thermal resistance was achieved compared to a
heat pipe with a homogeneous hydrophilic coating (CA = 20°). In their research, five
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samples with different CA ratios were studied. In another study, the influence of thin
porous copper coatings on a 350 mm-long copper thermosyphon was explored by Solomon
et al. [25]. DI water was the working fluid. An electrodepositing process was implemented
to apply the coating on the inner side of the thermosyphon. The results demonstrated a
reduction of 29% in the evaporator temperature with an inclination of 60° at 50 W.
Furthermore, a 44% increase in heat transfer coefficient was achieved with an inclination
angle of 45° and heat flux of 10 kW/m2. They claimed better performance due to the
uniform dendritic pillars caused by the coating on the inner surface, which creates more
nucleation sites that augment the boiling heat transfer. Experimentation on the effect of a
grooved heat pipe was undertaken by Vasiliev et al. [26]. This investigation integrated a
micro-porous deposit of Al2O3 ceramic particles in a grooved heat pipe (GHP). Ammonia
was the working fluid. In order to restrict the gravity impact, all tests were conducted at a
horizontal orientation. The results showed a 1.3-1.8 time lower evaporator thermal
resistance of the coated GHPs compared to the smooth one. In contrast, results indicated
that the smooth GHP had lower condenser thermal resistance compared to the coated one.
In summary, the author suggested coating the evaporator section and keeping the
condensation section smooth for an optimal heat pipe performance. Qu et al. [27] carried
out a 1-D analysis to consider the advantage of using functional surfaces on micro heat
pipes. An axial ladder contact angle was studied in this research. The modeling showed
that under the same working conditions, MHPs with ladder contact angle have higher
maximum heat inputs because of the higher liquid capillary forces generated by the ladder
contact angle.
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This literature review shows that the use of coatings could greatly enhance heat
pipe performance. However, three main points have not been discussed or studied
extensively: (a) methods of producing a high thermal performance heat pipe, (b) clarifying
the mechanism of enhancement by coatings, and (c) testing coating durability. These three
aspects will be the main scope of this work and will be examined thoroughly. In this study,
a hot alkali immersion process was used to integrate two types of nanoscale copper oxide
(CuO) nanowire coatings, i.e., nanoengineered surfaces, on the inner surfaces of grooved
copper heat pipes filled with DI water. The impact of the nanoengineered surfaces on the
heat pipe performance was systematically investigated under various inclination angles and
heat loads. The highest effective thermal conductivity achieved was 60 kW/m∙K. In this
study, the effect of coatings on heat pipes experimentally and theoretically analyzed.
Furthermore, a repeatability test was carried out to examine the durability of the
nanoengineered surface.

2.3 Experimental section
2.3.1 Fabrication of copper oxide (CuO) nanowire coatings
Grooved copper tubes were ultrasonically cleaned in acetone for 10 minutes and
then rinsed with ethanol, isopropyl alcohol, and DI water for five minutes. The samples
were then dipped into hydrochloric acid solution (1.0 M) for 10 minutes to remove the
native oxide film, rinsed by DI water, and dried by nitrogen gas. The cleaned samples with
designed exposure length, i.e., the evaporator section of the heat pipe, were vertically
immersed in different hot alkali solutions for 10 minutes. Finally, the coated samples were
rinsed with DI water and dried with nitrogen gas. Two types of CuO nanostructure coatings,
labeled as Type I CuO (black color) and Type II CuO (brown color) as shown in Fig. 2.1
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were obtained from various alkali solutions. Type I CuO was prepared in a solution of
NaClO2 (3.75 g), NaOH (5.0 g), and Na3PO4·12H2O (10 g) per 100 ml of distilled water
at 95 oC [28, 29]. Type II CuO was fabricated in a solution of NaClO2 (16.0 g), and NaOH
(1.0 g) per 100 ml of distilled water at 60 oC [30]. The copper was oxidized in quasi-selflimiting chemical processes as follows: [31]
4𝐶𝑢 + 𝐶𝑙𝑂2− → 2𝐶𝑢2 𝑂 + 𝐶𝑙 −

(1)

2𝐶𝑢2 𝑂 + 𝐶𝑙𝑂2− → 4𝐶𝑢𝑂 + 𝐶𝑙 −

(2)

Figure 2.1 Surface morphology and chemical components of the prepared samples. (a)
SEM image of bare grooves, (b) SEM image of grooves coated with the Type I CuO
structures, (c) SEM image of grooves coated with the Type II CuO structures, and (d)
XRD patterns of Type I CuO and Type II CuO coatings.
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Figure 2.1 shows the scanning electron microscopy (SEM, using Zeiss Ultra Plus
FESEM) images of Type I and Type II CuO nanostructures. The grooved surfaces are
covered with a dense array of CuO nanostructures and exhibit high uniformity. Type I CuO
nanostructures have sharp blade-like morphology with a height of 1 μm and a tip dimension
less than 10 nm (Fig. 2.1 (b)) [32]. Type II CuO nanostructures have a grass-like shape,
but with much shorter heights (about 200 nm, shown in Fig. 2.1 (c)) [30]. The XRD (XRay Diffraction, using Rigaku Mini Flex II desktop X-ray Diffractometer) spectrum
indicates the chemical components of CuO (marketed with ●, PDF#80-1917) for the
nanoengineered surfaces. The peaks of CuO on the Type I CuO surface are much stronger
than those on the Type II CuO surfaces owing to more substantial features of the Type I
CuO.

2.4 Capillarity performance analysis
Wick capillarity is one of the critical factors affecting heat pipe performance. It
characterizes the capability of a heat pipe in supplying and spreading water to large areas
and hence, managing dry out. The capillarity of the CuO nanostructures, integrated into the
grooved heat pipe, is characterized by a water rise experiment [33]. The experiment was
performed using three individual copper plates (15 cm × 5 cm), two samples with the two
types of coating, and the third is a bare Cu plate. Samples were dipped vertically in the
water. The capillary rise heights were measured by tracking the water propagating front
using a high-speed camera (Micro-Ex4, Phantom) at 500 frames per second (fps).
Experimental results of rising height were highlighted and validated using the next set of
theoretical correlations [34]. The force balance of the capillary driving force, gravitational
force, and viscous friction force can be expressed as [24]
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Figure 2.2 Experimental and theoretical capillary rise height.

where
Figure 2.3 Schematic view of heat pipes configurations at
evaporator section (a) Type
CuO
𝐹𝜎 I =
𝐹𝜇 coating,
+ 𝐹𝑔 (b) Type II CuO coating,
and (c) Bare copper (no coating).Figure 2.4 Experimental and

(3)

theoretical capillary rise height.
𝐹𝜎 = 2𝜋𝑟𝜎 cos 𝜃

(4)

Where σ is the surface tension, and r is the radius of the capillaries. Meanwhile, assuming
Poiseuille flow, the viscous friction force 𝐹𝜇 can be calculated as follows [35]

𝐹𝜇 = 8𝜋𝜇ℎ

where

𝑑ℎ
𝑑𝑡

𝑑ℎ
𝑑𝑡

(5)

represents the speed of the liquid progress through the grooves. By substituting

and deriving equations we get:
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1

𝜎 2 𝑐𝑜𝑠 2 𝜃 3
ℎ(𝑡) ≅ (
𝑡)
𝜇𝜌𝑔

(6)

Eq. (6) is used to calculate the capillary rise height theoretically for the same three
samples used in the experimental rise height test. Fig. 2.2 shows the experimental and
theoretical results of liquid rise over time. Both theoretical and experimental results share
the same trend with an acceptable agreement in the values [36].
These two CuO nanostructured coatings are superior in inducing capillary flows.
The thickness of oxide layers can be well controlled by the intrinsic quasi-self-limiting
characteristics of the oxidation process, which introduces a small parasitic thermal
resistance. For instance, the thermal resistance of Type I CuO is of the order of 10-7 m2K/W,
which can be neglected compared to the overall thermal resistance of heat pipes, which is
in order of 10-1-10-3 m2K/W.

2.5 Heat pipe fabrication process
Inner grooved copper pipes are used to manufacture the heat pipes. Three heat pipe
samples were made: one using Type I CuO coating, one using Type II CuO coating, and
the last sample with bare Cu grooves (no coatings). The hydrophilic coatings are
synthesized on the inner surface of the evaporator section only, which is 15 cm long. The
configuration of the heat pipes used in this study is shown in Fig. 2.3. DI water is the
working fluid of heat pipes. The parameters and dimensions of the copper pipe and the
inner grooves are listed in Table 1 and shown in Fig. 2.4. After the coating is integrated on
the inner surface of the evaporator section, the fittings, connectors, and pipe are assembled
into a testing heat pipe. Compression fittings are used to seal one end of the heat pipe
instead of welding because the coating would be demolished by the high temperature of
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the welding process. The other end of the heat pipe is connected with a 1/4” ball valve.
After sealing the ends of the heat pipe, a sealing check is executed using compressed air
with a pressure of 160 psi. After the cleaning and leaking test, the heat pipe is connected
to a charging system. A 6.668 Pa (0.05 Torr) is provided by a vacuum pump (Model # 8905,
Welch) over five hours. After reaching the required vacuum, 5.5 ml ultra-filtered DI water
(#W2-4, Fisher Chemical) is charged into the heat pipe. A second degassing process is used
to minimize residual noncondensable gases [37, 38].

Condenser

Adiabatic

Evaporator

(a)

(b)

(c)

Figure 2.3 Schematic view of heat pipes configurations at evaporator section (a) Type
I CuO coating, (b) Type II CuO coating, and (c) Bare copper (no coating).
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Table 2.1 Heat pipe parameters.
Parameters

Value/material

Tube material

Copper

Working fluid

DI water

Pipe length

440 mm

Outer diameter

12.7 mm

Inner diameter

11 mm

Groove depth

0.28 mm

Number of grooves 75

Figure 2.4 Grooves specifications

2.6 Experimental setup and test procedure
Figure 2.5 shows the schematic of the test rig, which includes a heating system, a
cooling system, and a support frame that can vary inclination angles from 0°- 90°. Two
aluminum plates (15 cm × 5 cm × 1 cm) are used to embrace the evaporator section of the
heat pipe. Four cartridge heaters are embedded in each plate. A thin layer of thermal grease
is applied to the interface between the heating plates and the evaporator section to reduce
contact thermal resistance. A direct current (DC) power supply provides heat to the heat
pipe. By varying the voltage of the power supply, the heat input can be changed to the
designated values. The cooling system consists of a metal cylindrical water jacket in 4”
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diameter. This is used to eject heat from the heat pipe condenser section. The temperature
of cooling water is maintained at a constant value of 35°C with a continuous flow rate of
1.5 l/min by a circulating water bath (RTE-4DD, Neslab). Heat pipes are characterized by
five positive inclination angles: 0°, 25°, 55°, 75°, and 90°. Besides, heat pipes were tested
at three declinations (negative angles): -5°, -10°, and -15°, to examine their performance
against gravity.
Eight K-type thermocouples are used to measure outer surface temperatures of the
heat pipe, as schematically shown in Fig. 2.6. For each measurement point, two
thermocouples are used to measure the upper and the lower surface temperatures, which
are used to better understand temperature distribution in the radial direction and to obtain
reliable average wall temperatures at high accuracy. Our results showed that temperature
at a lower point is always lower than the one at the upper point, due to gravity, which pulls
liquid to the lower section of the pipe. The whole test rig has been wrapped by thermal
insulation layers to minimize heat loss.
The tests start with an inclination angle of 55° with 30 W heating power. After that,
the heat input is increased to the next level. Five heat inputs were used for each heat pipe:
30, 60, 90, 120, and 150 W with five inclination angles: 0°, 25°, 55°, 75°, and 90°. Besides,
heat pipes with nanoengineered evaporator sections are characterized by three negative
angles (declinations) of -5°, -10°, and -15° to evaluate their performance against gravity.
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Water jacket

Thermal insulation
Constant temperature water bath

Voltmeter

Thermocouples

DC power supply

θ°
Aluminum plates
(with heaters)

Data acquisition system

Laptop

Figure 2.5 Schematic diagram of the experimental setup.

Figure 2.6 Distribution of thermocouples on the heat pipe surface.
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2.7 Theoretical section and calculations
2.7.1 Data reduction
The heat transported within the heat pipe can be calculated as:
𝑄 = 𝑄𝑖𝑛 − 𝑄𝑙𝑜𝑠𝑠

(7)

𝑄𝑖𝑛 = 𝑉 × 𝐼

(8)

where

Such that heat loss can be presented as:

𝑄𝑙𝑜𝑠𝑠 = ℎ𝑖𝑛𝑠 𝐴𝑖𝑛𝑠 (

𝑇𝑠1 + 𝑇𝑠2
− 𝑇𝑎 )
2

(9)

Where V is the voltage, and I is the current supplied to the heat pipe. To obtain accurate
power input to the heat pipe, heat loss needs to be calculated. A set of experiments was
conducted to estimate heat loss through the heat pipe insulation surface. To experimentally
measure the heat loss, a copper rod with identical dimensions to the heat pipe was used and
covered with the same amount of insulation layers that would be used in the heat pipe test.
Power was supplied to the copper rod while three thermocouples were used to measure the
temperatures, two for the outer insulation surface, and one for the ambient air. Five power
inputs, which match the power inputs of the heat pipe test, were used. Data were plotted in
excel, and the nonlinear fitting method was used to create an equation to calculate (hins), as
shown in Fig. 2.7. Now, Eq. (10) is employed to calculate the heat transfer coefficient
between the insulation and the ambient air.
ℎ𝑖𝑛𝑠 = 3.226 𝑙𝑛(𝑇𝑠 − 𝑇𝑎 ) − 0.86
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(10)

The effective thermal conductivity of the heat pipe is calculated as below,

𝑘𝑒𝑓𝑓 =

𝐿𝑒𝑓𝑓
𝐴𝑝 𝑅𝑡

(11)

The average temperature difference is calculated from all the thermocouple's reading to
ensure the accuracy and stability of the results.
∆𝑇 = 𝑇𝑒 − 𝑇𝑐

(12)

Meanwhile, the total thermal resistance of the heat pipe is calculated from the equation
below.

𝑅𝑡 =

𝑇𝑒 − 𝑇𝑐
𝑄

Figure 2.7 Experimental results and nonlinear fitting of hins.
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(13)

2.7.2 Thermal resistance network
(a)
Process

Description

1

radial heat conduction through the evaporator wall

2

radial heat conduction through the evaporator wick (grooves + coating)

3

vapor flow (heat convection)

4

axial heat conduction through the adiabatic section wall

5

axial heat conduction through the adiabatic section wick (grooves)

6

liquid flow (heat convection)

7

radial heat conduction through the condenser wick (grooves)

8

radial heat conduction through the condenser wall

Process

Description

Re, ex

evaporator external thermal resistance

Re,w

evaporator wall thermal resistance (radial)

Re, wk

evaporator wick thermal resistance (grooves + coating)

Re, inter

evaporator liquid-vapor interface thermal resistance (Evaporator)

Rv

vapor thermal resistance (vapor)

Ra,w

adiabatic wall thermal resistance (radial)

Ra, wk

adiabatic wick thermal resistance (grooves)

Rc, ex

condenser external thermal resistance

Rc,w

condenser wall thermal resistance (radial)

Rc, wk

condenser wick thermal resistance (grooves)

Rc, inter

condenser liquid-vapor interface thermal resistance (condenser)

Figure 2.8 Thermal resistance analysis of a heat pipe with nanoengineered evaporator
section. (a) Heat transfer process, (b) thermal resistance network.
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As the heat applied directly to the outer walls of the heat pipe by a heater, the
external thermal resistances for the evaporator and condenser were not included in
the calculations. Below are the correlations used to calculate each thermal resistance
in Fig. 2.8 [39].
(1) Radial conduction through evaporator wall

𝑅𝑒,𝑤

𝑟
𝑙𝑛 ( 𝑜 )
𝑟𝑖
=
2𝜋𝑘𝑤 𝐿𝑒

(14)

where ro, ri, Le, and kw are the outer radius, inner radius, evaporator length, and the
wall thermal conductivity, respectively.
(2) Radial conduction through condenser wall

𝑅𝑐,𝑤

𝑟
𝑙𝑛 ( 𝑜 )
𝑟𝑖
=
2𝜋𝑘𝑤 𝐿𝑐

(15)

Lc represents the condenser section length
(3) Vapor pressure drop thermal resistance

8𝑅𝑔 𝜇𝑣 𝑇𝑣2
𝑅𝑣 = 2
[
𝜋ℎ𝑓𝑔 𝑃𝑣 𝜌𝑣

(𝐿𝑒 + 𝐿𝑐 )
+ 𝐿𝑎
2
]
𝑟𝑖4

(16)

where hfg, Rg, La, Tv, Pv, ρv, and μv the phase-change latent heat, specific gas constant,
adiabatic section length, temperature, pressure, density, and dynamic viscosity of the vapor
respectively.
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(4) Thermal resistance of evaporation at the evaporator liquid-vapor interface

𝑅𝑒,𝑖𝑛𝑡𝑒𝑟 =

1
ℎ𝑒,𝑖𝑛𝑡𝑒𝑟 𝐴𝑒,𝑖

(17)

where he, inter is the interfacial evaporation heat transfer coefficient [40].

ℎ𝑒,𝑖𝑛𝑡𝑒𝑟

2
ℎ𝑓𝑔
𝑃𝑣 𝑣𝑓𝑔
2𝛼
1
=(
)√
(1 −
)
)(
2 − 𝛼 𝑇𝑣 𝑣𝑓𝑔
2𝜋𝑅𝑔 𝑇𝑣
2ℎ𝑓𝑔

(18)

α is the accommodation coefficient (0 < α ≤ 1) [41].
(5) Thermal resistance of condensation at the condenser liquid-vapor interface

𝑅𝑐,𝑖𝑛𝑡𝑒𝑟 =

1
ℎ𝑐,𝑖𝑛𝑡𝑒𝑟 𝐴𝑐,𝑖

(19)

where hc, inter is the interfacial evaporation heat transfer coefficient, which can be
calculated from Eq. (18).
(6) Axial conduction through the adiabatic wall

𝑅𝑎,𝑤 =

𝜋(𝑟𝑜2

𝐿𝑎
− 𝑟𝑖2 )𝑘𝑤

(20)

(7) Thermal resistance of radial conduction through the evaporator wick

𝑅𝑒,𝑤𝑘

𝑟
𝑙𝑛 ( 𝑖 )
𝑟𝑣
=
2𝜋𝑘𝑒𝑓𝑓 𝐿𝑒

(21)

where the effective thermal conductivity of the wick keff, can be calculated for various
types of wicks.
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(8) Thermal resistance of radial conduction through the condenser wick

𝑅𝑐,𝑤𝑘

𝑟
𝑙𝑛 ( 𝑖 )
𝑟𝑣
=
2𝜋𝑘𝑒𝑓𝑓 𝐿𝑐

(22)

(9) Thermal resistance of axial heat conduction through the adiabatic section

𝑅𝑎,𝑤𝑘 =

𝜋(𝑟𝑖2

𝐿𝑎
− 𝑟𝑣2 )𝑘𝑒𝑓𝑓

(23)

The total thermal resistance can be presented by:

[𝑅𝑒,𝑤 + 𝑅𝑐,𝑤 +
𝑅𝐻𝑃 =

(𝑅𝑒,𝑤𝑘 + 𝑅𝑒,𝑖𝑛𝑡𝑒𝑟 + 𝑅𝑣 + 𝑅𝑐,𝑖𝑛𝑡𝑒𝑟 + 𝑅𝑐,𝑤𝑘 )(𝑅𝑎,𝑤𝑘 )
] (𝑅𝑎,𝑤 )
(𝑅𝑒,𝑤𝑘 + 𝑅𝑒,𝑖𝑛𝑡𝑒𝑟 + 𝑅𝑣 + 𝑅𝑐,𝑖𝑛𝑡𝑒𝑟 + 𝑅𝑐,𝑤𝑘 ) + (𝑅𝑎,𝑤𝑘 )

(𝑅𝑒,𝑤𝑘 + 𝑅𝑒,𝑖𝑛𝑡𝑒𝑟 + 𝑅𝑣 + 𝑅𝑐,𝑖𝑛𝑡𝑒𝑟 + 𝑅𝑐,𝑤𝑘 )(𝑅𝑎,𝑤𝑘 )
[𝑅𝑒,𝑤 + 𝑅𝑐,𝑤 +
] + (𝑅𝑎,𝑤 )
(𝑅𝑒,𝑤𝑘 + 𝑅𝑒,𝑖𝑛𝑡𝑒𝑟 + 𝑅𝑣 + 𝑅𝑐,𝑖𝑛𝑡𝑒𝑟 + 𝑅𝑐,𝑤𝑘 ) + (𝑅𝑎,𝑤𝑘 )

(24)

2.8 Uncertainty analysis
As equipment has been utilized to measure the vast majority of the parameters in
this work, uncertainty analysis needed to be done to verify the results. The data acquisition
system (34970A, Keysight) has a 0.01% accuracy; thermocouple location is within a ± 0.5
mm accuracy in the axial direction. K-type thermocouples with ± 0.5°C accuracy are used.
Implementing the standard error equation, the accuracy of the heat input can be calculated
by [42]

𝜎𝑃 = ±√(

𝜕𝑃 2 2
𝜕𝑃 2
) 𝜎𝐼 + ( ) 𝜎𝑉2
𝜕𝐼
𝜕𝑉

(25)

By using Eq. (25), the uncertainties for 90 W power input can be calculated as below:
𝜎𝑝 = ± 7.2411𝑊
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(26)

𝜎𝑝
= ±0.08045
𝑝

(27)

2.9 Results and discussion
2.9.1 Coating effect on thermal performance
2.9.1.A Effect of coating on the temperature distribution
The wall temperature distribution is recorded to display the impact of the coating
on the heat pipe performance. Fig. 2.9 shows the temperature distributions for the three
heat pipe samples at 60 W with four different inclination angles of 0°, 25°, 55°, and 90°,
respectively. It shows a wide range of temperature fluctuations. For all angles, both
temperature profiles of heat pipes with Type I CuO and Type II CuO coatings are more
uniform between evaporator and condenser sections compared with the bare Cu heat pipe
(i.e., uncoated). Fig. 2.9 (a) shows average evaporator temperatures of 43.4 °C, 44.4 °C,
and 50.6 °C on heat pipes with Type I CuO coating, Type II CuO coating, and bare surface
respectively. Compared to the heat pipe without CuO coating, evaporator average
temperature reductions of 14.23% and 12.25% have been achieved in the heat pipes with
Type I CuO and the Type II CuO coating, respectively. Similar temperature reductions of
the evaporator section are observed for the other three inclination angles, as shown in Fig.
2.9. It is believed that the improvement is due to the low flow resistance and the thin liquid
film presented in the coated section of the heat pipe. This is the same conclusion obtained
through an experimental study by Hao et al. [43] that showed an overall enhancement of
heat pipe performance using CuO layer coating. For a given charging ratio, the heat pipe
with nanoengineered evaporator sections can also effectively prevent flooding owing to the
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coating’s superior capillarity, which evenly distributes liquid to the entire evaporator
surface areas as illustrated by temperature distributions in both Fig. 2.9 and Fig. 2.10.

(a)

(b)

(c)

(d)

Figure 2.9 Wall temperature distribution at 60W with different inclination angles
(a) 0°, (b) 25°, (c) 55°, and (d) 90°.
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Inclination angle:
0°
(a)

Inclination angle:
0°
(b)

Inclination angle:
25° (c)

Inclination angle:
25° (d)

Figure 2.10 Temperature differences between upper and lower thermocouple
measurement along the heat pipe, Type I CuO heat pipe (a) & (c) and bare Cu heat
pipe (b) & (d).

2.9.1.B Effect of coating on total thermal resistance of the heat pipe
Figure 2.11 presents the total thermal resistance with respect to the heat input for
heat pipes with Type I CuO coating, Type II CuO coating, and bare Cu surface, respectively.
An exponential decrease in thermal resistance was obtained as the heat input increased on
the three samples. Heat pipes with the Type I CuO and Type II CuO coatings have
substantially lower thermal resistances than the bare Cu heat pipe at the same input power.
Xu et al. [44] used simulation and experimental methods to study heat pipes with three
different surface wettability such as hydrophilic surface, hydrophobic surface, and bare
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copper surface. The results of the experiment showed that the hydrophilic surface is
superior regarding bubble departure frequency compared to hydrophobic and untreated
copper surface and as well as showing a lower thermal resistance. For our results, as
illustrated in Fig. 2.11 (b), compared to the heat pipe without coating, a reduction of 77%
and 66.19% of the thermal resistance was reached for 30 W at 55° on heat pipes with Type
I CuO and Type II CuO coatings, respectively. A theoretical analysis has been conducted
in this study such that Eq. (28) is used to calculate the thermal resistance for the copper
heat pipe with no coating according to the thermal network modeling proposed earlier.
Theoretical and experimental results are compared in Fig. 2.12. The theoretical and
experimental results for the thermal resistance show a reasonable agreement on the heat
pipe without coating.
(b)

65.3%

77%

(a)

(c)

81.2%

73.3%

(d)

Figure 2.11 Total thermal resistance as a function of input power with different
inclination angles. (a) 25°, (b) 55°, (c) 75°, and (d) 90°.
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Figure 2.12 Experimental and theoretical comparison of the total
thermal resistance of the heat pipe.

2.9.2 Inclination angle effect on heat pipe performance
2.9.2.A Effect of the inclination angle
Figure 2.13 shows that the inclination angle has dramatically affected the
performance of all samples. The heat pipe without coating has the highest thermal
resistance at a horizontal orientation for all heat inputs. Moreover, the thermal resistance
is significantly reduced with inclination angles ranging between 25° and 75° for the bare
Cu heat pipe. While for heat pipes with nanoengineered evaporator sections, an inclination
angle of 55° leads to the lowest thermal resistance in all heat inputs. This is primarily
caused by the improved capillarity, which allows a larger amount of liquid to return to the
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evaporator section assisted by the gravity [19]. More importantly, the CuO nanocoating is
more adaptive to an inclination angle of 55° owing to its superior capability in
redistributing liquid more rapidly and uniformly. However, a further increase in the
inclination angle to 75° leads to higher thermal resistances, indicating that flooding may
have occurred beyond 55° in the evaporator section and ultimately reduce the heat transfer
rate as indicated by higher temperatures in the evaporator section [44]. A 65.3% and 57.6%
reduction in thermal resistance was achieved at 55° in 60 W using Type I and Type II CuO
coatings, respectively, compared to the bare Cu heat pipe.
The highest thermal resistance was reached at a 0° angle, where the effect of gravity
is negligible. So, there is a scarcity of liquid returning to the evaporator, which causes a
higher temperature difference ΔT on the heat pipe ends such that a higher thermal resistance
would be recorded.
With low heat inputs, a liquid pool could be formed in the evaporator section [19],
where nucleate boiling could prevail, especially in the submerged section. While with
higher heat inputs, the liquid pool depth would be reduced because of higher boiling rates,
which leads to the dominance of more efficient film evaporation as schematically shown
in Fig. 2.14. A similar conclusion was found in a previous experimental [25, 45] and
numerical [12] studies. Furthermore, Xu et al. [46] used a nanoflower structure CuO
coating on a flat heat pipe and observed the flow and boiling phenomenon inside the heat
pipe. Based on that, they proposed a similar explanation for the enhancement.
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(a)

(b)

(c)

Figure 2.13 Effect of inclination angles on thermal resistance. (a) bare Cu, (b) Type I
CuO, and (c) Type II CuO.

Figure 2.14 Schematic view of heat pipes at (a) high heat inputs and (b) low heat
inputs.
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2.9.2.B Effect of the declination angle
For heat pipes with Type I CuO and Type II CuO coatings, three declination angles,
where the evaporator section is placed in a higher position than the condenser section, are
considered to characterize the heat pipe with nanocoating in antigravity operation
conditions. Fig. 2.15 shows the thermal resistance for low heat inputs for the two heat pipes
with coated evaporator sections. The Type I CuO coating performs better than Type II CuO
coating when situated at any of the three declination angles. As observed in the capillary
rise test and illustrated previously in Fig. 2.2, the Type I CuO coating shows significantly
faster water rising and more uniform distribution compared to the Type II CuO coating.
This would allow the heat pipe with the Type I CuO coating to have a better liquid supply
mechanism over the Type II CuO coating in terms of speeds and areas. Such that, thin-film
evaporation should prevail on the evaporator section in the heat pipe with Type I CuO
coating. While for the heat pipe with Type II CuO coating, partial dryout may occur [32,
47]. Moreover, both heat pipes with CuO nanocoatings work normally at the anti-gravity
conditions while the heat pipe without coating does not.

Figure 2.15 Thermal resistance as a function of heat input
for different declination angles: -5°, -10° and -15°.
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2.10 Repeatability test
A series of repeatability tests are conducted to examine the durability of CuO
coatings. The heat pipe with Type I CuO coating is selected to perform these tests owing
to its relatively higher performance compared to a heat pipe with Type II CuO coating.
Tests are carried out after 90 days from the first test. Experiments are conducted at 60 W
with three different inclination angles: 0°, 55°, and 90°. Effective thermal conductivities in
day one and day 90 were measured and compared, as shown in Fig. 2.16. The deviation in
terms of thermal conductivity within 90 days is insignificant, with all three inclination
angles. The absolute change rate in thermal conductivity was 0.008% - 6.3% indicating
high repeatability of the heat pipe with Type I CuO coating.

Figure 2.16 Repeatability and durability analysis for thermal
conductivity with heat inputs at inclination angles: 0°, 55°, and
90°.

2.11 Conclusions
In this study, the nanoengineered surfaces of CuO coatings have been successfully
integrated on the inner surface of the evaporator section of copper heat pipes with inner
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grooves. Two types of coatings with distinguished topologies, i.e., Type I CuO and Type
II CuO coatings, are selected to demonstrate their effectiveness in enhancing heat pipe
performance. Heat pipes with nanoscale coatings have been systematically evaluated under
a wide range of working conditions. The thermal resistance of heat pipe has been reduced
as much as 81.2% and 72% at 30 W heat input with an inclination angle of 90° using Type
I CuO and Type II CuO coatings, respectively, compared to a bare grooved Cu heat pipe.
The primary mechanism behind such a significant enhancement is the promoted
evaporation owing to the nanoscale hydrophilic coatings, which enables more efficient
thin-film evaporation and more effective usage of evaporation areas of a heat pipe. The
CuO coatings did show to have great durabilities in sustaining heat pipe performance.
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Chapter 3
Filling ratio optimization for a high-performance nanoengineered copperwater heat pipe2

2

Abdulshaheed, A., Wang, P., Huang, G., & Li, C., Filling ratio optimization for a high performance nanoengineered
copper-water heat pipe. To be submitted to the journal of Applied Thermal Engineering (2019).
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3.1 Abstract
This experimental test is carried out to investigate the effect of filling ratio and
inclination angle on a nonengineered heat pipe’s thermal performance. The heat pipe
samples are fabricated from an inner grooved copper pipe with a nanoengineered surface,
hydrophilic copper oxide coating (CuO), integrated on the inner wall of the evaporator
section. Ultra-filtered deionized (DI) water was used as a working fluid. Four different
filling ratios (FR) of DI water, i.e., 3%, 5%, 10%, and 15%, are investigated to determine
the optimum configuration and to report the highest thermal performance achievable. All
samples are tested at various inclination angles and working loads to optimize the working
conditions. From results, the optimum filling ratio, with the lowest thermal resistance of
0.019 K/W, was the 5% FR.
Keywords: Nanoengineered coating, Copper oxide CuO, Filling ratio, Grooved copper
heat pipe.
Highlights:
•

Copper heat pipe enhancement by integrating nanoscale copper oxide coating CuO.

•

Hot alkali immersion process used to produce the CuO coating.

•

The lowest thermal resistance reported was 0.019 K/W.

•

The 5% FR was the optimum filling ratio for this study.

•

Experimental and theoretical heat transfer coefficient showed well cohesion.
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Nomenclature
A

area

e,i

inner wall temperature of
evaporator

Cp

specific heat capacity

e,th

evaporation, theoretical

d

diameter

eff

effective

g

gravity

f

Working fluid

h

heat transfer coefficient

i

inner

hfg

latent heat of vaporization

I

current

K

thermal conductivity

L

ins

insulation

l

liquid

loss

losses

length

o

outer

Q

heat input

s

Surface

R

resistance

s1

insulation surface, location 1

T

temperature

s2

insulation surface, location 2

V

voltage

sat

saturation

Subscripts
a
amb

air
ambient

t

total

v

vapor

Greek Symbols
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c

condenser

σ

standard deviation

c,i

inner wall temperature of

δ

uncertainty

condenser
c,th

condensation, theoretical

ρ

density

cop

copper

μ

dynamic viscosity

e

evaporator section

3.2 Introduction
Consisting of a sealed vessel that contains a working fluid inside, heat pipes, are
efficient passive heat transfer devices that have the ability to transfers heat from one end
to another by implementing evaporation and condensation mechanisms. Many useful
characteristics of heat pipes like low thermal resistance, ease of fabrication, and zero
energy requirement for operation have contributed to broadly use of heat pipes in many
applications such as heat exchangers [1], A/C systems [2, 3], electronics cooling [4, 5], and
solar collectors [6, 7]. Generally, evaporator, adiabatic, and condenser sections are the main
parts of any heat pipe. As mentioned earlier, the heat pipe utilizes the evaporation and
condensation mechanism to transfer heat. By working fluid evaporation, the heat will be
absorbed through the evaporator walls of the heat pipe. This vapor will flow through the
adiabatic section to reach the condenser section, at which the vapor will go through the
condensation process to release the heat to the walls. This heat transfer cycle ends by the
return of the condensate to the evaporator section. The phase change process of the working
fluid involves a large amount of latent heat such that a considerable amount of heat can be
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transferred with a small temperature difference between evaporator and condenser sections
[8].
As it has a predominant effect on the thermal performance of a heat pipe, filling
ratio, has been a target of study for many researchers. For example, Lips et al. [9]
experimentally investigated and visualized the effect of filling ratio on a flat plate heat pipe
with inner grooves. Visualizing the test showed that for small filling ratio evaporator part
dryout. While for a high filling ratio, the condenser part flooded. Five different filling ratios
were studied. The results showed that the filling ratio had a significant influence on the
heat pipe performance. The conclusion was, the optimum filling ratio is about 1 - 2.5 times
of the groove’s total volume. Subsequently, Senthil et al. [10] investigated four different
filling ratios of Al2O3 nanofluid on the thermal performance of a cylindrical copper heat
pipe. A 66% enhancement in thermal efficiency was reached by charging 75% of the
evaporator volume working fluid. While for the inclination angle, 30° showed the best
performance. Jung-Shun et al. [11] examined the steady-state conditions of a flat heat pipe
to indicate the optimum filling ratio. The working fluid was acetone; ten filling ratios were
tested. Results showed that a 25% filling ratio (of evaporator volume) gave the best
performance, where a maximum heat transport capability of 47 W was recorded. Also, the
lowest thermal resistance achieved was 0.254 K/W, and the highest thermal conductivity
was 3150 W/m.K. Tharayil et al. [12] investigated the effect of the filling ratio on a
miniature loop heat pipe. Three filling ratios were used: 20%, 30%, and 50% of evaporator
volume. The study confirmed the significance of filling ratio on the heat pipe’s thermal
performance. For a heat input range of 20 - 380 W, the results showed that the 30% filling
ratio provided the best performance, with a low thermal resistance of 0.106 K/W. Sukchana
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et al. [13] used three different filling ratios: 10, 15, and 20% of evaporator volume and
three different adiabatic lengths: 300, 500, and 700 mm to study and compare the effect of
adiabatic length and filling ratio on long heat pipe’s thermal performance. They concluded
that the filling ratio has more impact on the performance compared to the adiabatic length.
Furthermore, the optimum filling ratio was 15% for all lengths of the adiabatic section. An
internally finned heat pipe was tested by Naresh et al. [14] to investigate the effect of filling
ratio on the performance. Three filling ratios were used: 20, 50, and 80% of evaporator
volume and two working fluids: water and acetone. The experimental results showed that
the 50% filling ratio awarded the best thermal performance for both working fluids. While
the other two filling ratios went through dryout and flooding conditions. A model to study
the evaporator wettability was done by Xu et al. [15] and compared to their experimental
results. Hydrophilic and hydrophobic surfaces were compared. Also, three filling ratio
conditions were investigated: a low filling ratio (< 20%), a regular filling ratio (20 – 30%),
and a high filling ratio (> 30%). Results showed that for the lower filling ratio, the dryout
happens. While for a high filling ratio, flooding happens. Thus, the optimum filling ratio
for their test was in the range of 20 - 30%. Results also showed poor thermal performance
of the hydrophobic surface compared to the hydrophilic. The impact of filling ratio ranges
of ( 25% ≤ FR ≤ 98%) was investigated by Lv et al. [16]. The used thermosyphon has a
super-hydrophilic evaporator and slippery lubricant-infused porous condenser. The results
indicated that the filling ratio strongly influenced the overall heat transfer performance.
Claiming that for a 25% filling ratio, the film evaporation heat transfer was dominant;
meanwhile, for 98%, the pool boiling was the dominant heat transfer mechanism. So, the
40% filling ratio showed the optimum results for the tests. Ahmed et al. [17] implemented
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a two-phase CFD simulation to study the effect of filling ratio and inclination angle on a
thermosyphon’s thermal performance. Five fill ratios: 25%, 35%, 65%, 80%, and 100% of
evaporator volume and five inclination angles: 10°, 30°, 50°, 70°, and 90° were considered.
The results showed that 65% filling ratio and 90° inclination angle exhibited the best
thermal performance. Another simulation was done by Shabgard et al. [18], where the
effect of filling ratio on the transient performance of a vertical thermosyphon was studied.
They indicated that short thermal response time and lowest thermal resistance convoyed
the optimum filled thermosyphon. They recommended adding a small amount of working
fluid to the optimum filling ratio to avoid the dryout that could happen with heat input
fluctuations. Aly et al. [19] investigated the effect of four filling ratios: 20, 40, 60, and 80%
of evaporator volume and four inclination angles: 0°, 30°, 60°, and 90° experimentally. A
helically micro-grooved heat pipe with water-based alumina nanofluid was implemented.
They achieved 18.2% reduction in thermal resistance with an inclination angle of 60° and
a filling ratio of 80%. They entitled it as the optimum conditions for their test. Another
investigation was done by Jafari et al. [20] to test a thermosyphon with five different filling
ratios: 8%, 16%, 35%, 50% and 100% of evaporator volume with a heat input range from
30 – 900 W. The thermosyphon’s inner diameter was 33 mm, and water was the working
fluid. The optimum performance achieved was with 35% filling ratio. For the lower filling
ratio, a dryout happens for high heat inputs. While for the 100% filling ratio, the
thermosyphon went through pool boiling process. The experimental results showed a good
agreement with other correlations in the same area of interest. Finally, Sarafraz et al. [21]
implemented a wickless thermosyphon charged with a biologically-produced eco-friendly
working fluid to investigate the effect of the filling ratio and the tilt angle. Among six
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filling ratios and five tilt angles, the results showed that the optimum thermal performance
achieved with a 0.65 filling ratio and 55° tilt angle.
This experimental work seeks to fill in the gap noticed above in the manner of
producing a high thermal conductivity heat pipe. This experimental work can be considered
as a complementary for a previously published work [22], in which the heat pipe
performance was highly elevated using nanoengineered evaporator surfaces presented by
hydrophilic coating. This experimental study is designated to investigate the effect of the
filling ratio on the nanoengineered, nano-structure hydrophilic coated, heat pipe.
Furthermore, the impact of different inclinations and heat loads was investigated. An
efficient heat pipe with high thermal performance has been fabricated in this research,
which is one of the main intentions of this work.

3.3 Experimental part
3.3.1 (CuO) nanowire coating fabrication process
The CuO nanostructures were directly synthesized on the copper surface via a wet
chemical process. The alkaline solution was prepared with NaClO2 (0.40 M), NaOH (1.25
M), Na3PO4·12H2O (0.25 M) and distilled water [23, 24], and maintained at 95° C. After
precleaning to remove greases contamination and native oxide layer, the copper tubes were
immersed in the prepared solution for 20 minutes.
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The prepared sample has spike-like CuO nanostructures (black) with a height of
approximately one μm, as observed by SEM (Zeiss Ultra Plus FESEM) (Fig. 3.1 (a, b)).
The formation of CuO is confirmed by XRD (X-Ray Diffraction, using Rigaku MiniFlex
II desktop X-ray Diffractometer). The peaks of CuO were identified from XRD patterns
(PDF#80-1917, marked with ● in Fig. 3.1 (c)).

Figure 3.1 Surface morphology and components of surface coatings. (a) Image of
surface before and after oxidization. (b) SEM image and (c) XRD patterns of prepared
CuO nanostructures.
3.3.2 Fabrication of heat pipe samples
The heat pipe samples are manufactured from an inner grooved copper pipe with
parameters and dimensions listed in Table 3.1 and shown in Fig. 3.2 [22]. The evaporator
section, with 15 cm length, is fabricated with a nanoengineered, nano-structure, hydrophilic
copper oxide coating CuO. As reported in our previous experimental results [22], this
coating showed the best performance compared to another type of coating and a bare
copper heat pipe. The coating is integrated on the heat pipe surface by a hot alkali exposure
process, after which the parts are assembled into a heat pipe. All the fittings, pipes, and
connections are chemically cleaned to remove all manufacturing oil and contamination.
The assembled heat pipe sample is connected to a vacuuming and charging system. After
this, a second vacuum process is implemented to remove the non-condensable gases that
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might be produced during the vacuuming and charging process [25, 26] For further
information, the manufacturing process is fully detailed in our previous publication [22].
Table 3.1 Parameters of the heat pipe [22]
Parameters

Value/material

Tube material

Copper

Working fluid

DI water

Pipe length

440 mm

Outer diameter

12.7 mm

Inner diameter

11 mm

Groove depth

0.28 mm

Number of grooves

75

Figure 3.2 Grooves specifications

3.3.3 Test setup and procedure
The test setup used for this research consists of three main parts: the cooling
chamber, heating chamber, and the inclination mechanism, as shown in Fig. 3.3 [22]. For
the cooling chamber, a water jacket, 4” in diameter, made of a cylindrical tube is used for
cooling water circulation around the condenser section of the heat pipe. A constant water
bath (RTE-4DD, Neslab), used to supply the cooling water at a 1.5 L/min flow rate and
35°C. While for the heating chamber, two aluminum plates (15 cm × 5 cm × 1 cm) are used
to cover the evaporator part of the heat pipe. Each plate has four cartridge heaters inserted
inside [22]. These heaters are connected to a DC power supply. For the inclination
mechanism, the test setup designed with a hinge such that the tilt angle can range from 0°90°. To present and compare the results of the test, the outer wall temperatures of the heat
pipe are recorded by using eight K-type thermocouples. Thermocouples are mounted in
four different locations, see Fig. 3.4. [22], two locations on the evaporator part, and another
67

two on the condenser part. Thermal grease is applied to all contact surfaces to enhance the
reading ability of the thermocouples.

Figure 3.3 Schematic diagram of the experimental setup [22].

Figure 3.4 Distribution of thermocouples on the
heat pipe surface [22].
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3.4 Data Reduction
In order to determine the input and the output heat transfer of the heat pipe and to
measure and compare the performance of each sample, the calculations below were done.
The actual heat input to the heat pipe can be calculated using Eq. (1)
𝑄 = 𝐼 × 𝑉 − 𝑄𝑙𝑜𝑠𝑠

(2)

Where I is the current, and V is the voltage supplied to the heaters by the D.C. power supply.
While the heat loss represented in Eq. (2) [22].

𝑄𝑙𝑜𝑠𝑠 = ℎ𝑖𝑛𝑠 𝐴𝑖𝑛𝑠 (

𝑇𝑠1 + 𝑇𝑠2
− 𝑇𝑎 )
2

(3)

Such that
ℎ𝑖𝑛𝑠 = 3.226𝑙𝑛(𝑇𝑠 − 𝑇𝑎 ) − 0.86

(4)

Eq. (3) is experimentally found through specific test data that was done in our lab, full
details are reported in our first publication [22]. Eq. (4) calculating the total thermal
resistance, which is the resistance imposed by the heat pipe against the heat flow from the
evaporator to the condenser.

𝑅𝑡 =

𝑇𝑒 − 𝑇𝑐
𝑄

(4)

Where 𝑇𝑒 and 𝑇𝑐 represents the average temperature measured at the evaporator and
condenser sections, respectively. The effective thermal conductivity was calculated using
Eq. (5) to evaluate the thermal efficiency of the heat pipe.

𝑘𝑒𝑓𝑓 =

𝐿𝑒𝑓𝑓
𝐴∗𝑅
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(5)

Where
𝐿𝑒𝑓𝑓 = 𝐿 −

𝐿𝑒 + 𝐿𝑐
2

(6)

The inside wall temperature of heat pipe walls calculated as:
𝑇𝑒,𝑖 = 𝑇𝑒 −

𝑄
𝑑𝑜
𝑙𝑛 ( )
2𝜋𝑘𝑐𝑜𝑝 𝐿𝑒
𝑑𝑖

(7)

𝑇𝑐,𝑖 = 𝑇𝑐 +

𝑄
𝑑𝑜
𝑙𝑛 ( )
2𝜋𝑘𝑐𝑜𝑝 𝐿𝑐
𝑑𝑖

(8)

Where 𝑇𝑒,𝑖 and 𝑇𝑐,𝑖 are the average inner temperature of the evaporator and condenser,
respectively. 𝐿𝑒 and 𝐿𝑐 represent the evaporator and condenser length, respectively.
The heat transfer coefficient is calculated for the evaporator and condenser using Eq. (9)
and Eq. (10), respectively, in order to determine the heat transfer capacity of each section.

ℎ𝑒 =

ℎ𝑐 =

𝑄
𝜋𝑑𝑖 𝐿𝑒 (𝑇𝑒,𝑖 − 𝑇𝑣 )

𝑄
𝜋𝑑𝑖 𝐿𝑐 (𝑇𝑣 − 𝑇𝑐,𝑖 )

(9)

(10)

Where 𝑇𝑣 is the vapor temperature, which is equal to the adiabatic wall temperature of the
heat pipe.
In order to validate and compare the experimental results and show the
enhancement obtained, Imura boiling heat transfer correlation [20, 27] and Nusselt film
condensation [28] were used to theoretically calculate the heat transfer coefficient and
compare it with the boiling and condensation HTCs of the heat pipe. Imura correlation
presented as:
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ℎ𝑒,𝑡ℎ

𝜌𝑙0.62 𝑘𝑙0.3 𝐶𝑝𝑙0.7 𝑔0.2 𝑞𝑒0.4 𝑃𝑠𝑎𝑡 0.3
= 0.32 [
](
)
0.4 0.1
𝑃𝑎𝑚𝑏
𝜌𝑣0.25 𝐻𝑓𝑔
𝜇𝑙

(11)

Where 𝜌𝑙 , 𝑘𝑙 , 𝐶𝑝𝑙 and 𝜇𝑙 are the density, thermal conductivity, specific heat capacity, and
dynamic viscosity of the working fluid, respectively. 𝜌𝑣 is vapor density, 𝐻𝑓𝑔 is the latent
heat of phase change, and 𝑃𝑠𝑎𝑡 and 𝑃𝑎𝑚𝑏 are the saturation pressure of the heat pipe and
the ambient pressure, respectively.
While Nusselt correlation is:
ℎ𝑐,𝑡ℎ

𝑔𝜌𝑙2 𝑘𝑙3 [𝐻𝑓𝑔 + 0.68𝐶𝑝𝑙 (𝑇𝑠𝑎𝑡 − 𝑇𝑐,𝑖 )]
= 0.943 {
}
𝜇𝑙 𝐿𝑒𝑓𝑓 (𝑇𝑠𝑎𝑡 − 𝑇𝑐,𝑖 )

0.25

(12)

The thermo-physical properties of the working fluid are obtained based on the NIST
database according to the saturation pressure.

3.5 Uncertainty analysis
There are some uncertainties involved in every experimental research. These
uncertainties may result from the calibration of instruments, manufacturer’s specifications,
calibration certificates, and uncertainties assigned in the reference book. For this
experiment, measuring parameters like voltage and current are associated with some
uncertainties, the thermocouple reading is also of some uncertainty value. The following
2

𝜕𝑝
𝜕𝑓
𝜎𝑝 = ±√( 𝜎𝐼 ) + ( 𝜎𝑉 )
𝜕𝐼
𝜕𝑉

2

(13)

equation is used to calculate uncertainty [29]. Table 3.2 stated the uncertainties associated
with the instruments used in this work and the calculated power uncertainty [22].
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Table 3.2 Accuracy and uncertainty of measuring instrument and power
Quantity measured

Uncertainty

Unit

Temperature

±(0.2-0.75)

°C

Voltage

±0.2

V

Current

±0.2

A

Power

±0.8

%

HTCe

±0.9

%

HTCc

±1.1

%

3.6 Results and discussion
3.6.1 Filling ratio effect
3.6.1.A Temperature distribution analysis
The working fluid filling ratio in this study is presented by Eq. (14)
𝐹𝑅 =

𝑉𝑓
× 100%
𝑉𝑒

(14)

Where FR is the filling ratio, 𝑉𝑓 is the working fluid volume and 𝑉𝑒 is the evaporator
section volume. Fig. 3.5 shows a typical example of external wall temperature distributions
along the heat pipe at a 25° inclination angle for four filling ratios under steady-state
operating conditions. Fig. 3.5 (a - d) represents the 3%, 5%, 10%, and 15% filling ratios
FR respectively. From Fig. 3.5 (a - d) it is clear that as the heat input increased, the
temperature of all points of the heat pipe increased too; this applies to all the filling ratios
used. Fig. 3.5 (a), 3% FR, shares a similar temperature trend at low heat inputs compared
to the other filling ratios, which is represented by having a low-temperature gradient
between the evaporator and the condenser sections. The evaporator temperature started to
rise dramatically after 90 W, going into 120 W, leading to a dry out conditions at 150 W.
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When the filling ratio is smaller than the optimal filling ratio; dry areas will present at the
evaporator section (no liquid film cover), especially at high heat inputs where higher
evaporation rate occurs. Consequently, a rapid rise of the wall temperature will follow
producing thermal performance degradation [30]. Fig. 3.5 (b), 5% FR, showed the
smoothest and the most uniform temperature profile among all the other figures. Owning
the smallest temperature difference on heat pipe ends that is ranging from a minimum value
of 1°C at 30 W to a maximum value of 3°C at 150W. Like all other figures, for this case,
the temperature of all points increased as the heat input increased, yet it was the flattest
profile with almost no slope between the evaporator and condenser temperatures. From Fig.
3.5 (a - d) by comparing the temperature differences on the ends of the heat pipe, it can be
concluded that Fig. 3.5 (b) (i.e., 5% FR) is the optimum filling ratio for such heat pipe
configuration under such working conditions compared to the other filling ratios. The
highest temperature difference occurred for the 3% FR was 3.1 °C while it was 5.1°C for
Fig. 3.5 (c, d). This conclusion is drawn from the flat temperature profile and the lowtemperature difference throughout all cases compared to the other filling ratios. For the
filling ratio of 10%, Fig. 3.5 (c), it can be noticed that the temperature gradient for the 30
W was similar to Fig. 3.5 (b). Meanwhile, the temperature gradient started to increase as
the heat input increased beyond 30 W. The evaporator temperature of Fig. 3.5 (c) is higher
than that of Fig. 3.5 (b), for most cases, this is due to the presence of a liquid pool at the
evaporator section as the working fluid amount is larger compared to fig. 3.5 (b) [28], the
highest temperature difference reached was 5.1 °C. While Fig. 3.5 (d) explicitly clarify the
effect of overfilling the heat pipe, where the evaporator temperature is remarkably higher
than the evaporator temperature of Fig. 3.5 (b). Fig. 3.5 (c, d) represents the overfilled
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conditions where the heat pipe has a large amount of working fluid; once again, the
temperature difference was 5.1 °C.
The abundance of the working fluid will form a liquid pool at the evaporator section,
which will make the convection heat transfer mechanism is the predominant way. While
for optimum filling ratio, i.e., Fig. 3.5 (b), having an adequate amount of working fluid will
form a thin liquid film on the inner walls of the evaporator. As it has higher thermal transfer
abilities over convection, the thin liquid film will augment the overall thermal performance
of the heat pipe. [18, 31].

Figure 3.5 Axial temperature distribution for 25° inclination angle, (a) Fr = 3%,
(b) Fr = 5%, (c) Fr = 10%, and (d) Fr = 15%.
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3.6.1.B Evaporation heat transfer
Multiple and diverse heat transfer processes occur at the evaporator section of a
heat pipe, thin-film evaporation, pool boiling, convection, and sometimes a mixture of two
or more of these processes at the same time. Previously discussed, Eq. (11), represents a
correlation developed by Imura [27] to calculate the heat transfer coefficient at the
evaporator of a thermosyphon based on nucleate boiling. Fig. 3.6 shows a comparison
between the experimental results of our research and Imura’s correlation. Fig. 3.6 (a - d)
represents the evaporator heat transfer coefficient with multiple heat fluxes at 25°, 55°, 75°,
and 90° inclination angle respectively. Clearly, from Fig. 3.6 (a - d), the 3% FR has the
highest heat transfer coefficient, but for low heat inputs only, a colossal degradation in
HTC occurred when the heat input increased for this case. The second case to discuss is
the 5% FR; this case has the highest and the steadiest heat transfer coefficient for all heat
input cases. As we expected and mentioned before, the 5% FR case represents the optimum
filling ratio in the manners of HTC also for this heat pipe. The 10% FR case has lower
HTC than the 5% FR, but still a little higher than Imura results. The final example is the
15% FR, which was the closest case to Imura results in all figures. This agreement between
Imura and the 15% FR can be explained by the fact that Imura correlation is based on the
nucleate boiling which happens in the liquid pool situation, thus as mentioned earlier, a
liquid pool will present for the 15% FR case which clarifies the agreement in the results.The
same agreement reported between Imura correlation and experimental results of Lataoui
et al. [31] for the overfilled case and related to the corresponding previous reason.
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Figure 3.6 Predicted and experimental HTC of evaporator for different inclination
angles (a) 25°, (b) 55°, (c) 75°, and (d) 90°.

3.6.1.C Condensation heat transfer
Fig. 3.7 (a - d) presents both the predicted, by Nussselt correlations, and
experimental condensation heat transfer coefficient HTC of the heat pipe. Nusselt
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correlation, Eq. (12), is used to predict the condensation HTC theoretically. Previously
shown in Fig. 3.5, the temperatures of the condenser section of all samples, for all filling
ratios, are so close to each other. This is due to the fact that the coating is applied at the
evaporator section, so most enhancement achieved is in the evaporator section, not the
condenser section. Furthermore, to clarify and validate this statement, Fig. 3.7 is presented.
Fig. 3.7 (a - d) represent the HTC of condensation for four different inclination angles: 25°,
55°, 75°, and 90°. Owning a greater volume of condensate, for the 15% FR case, will lead
to a higher shear force acting on the condensate film. Hence, the condensation HTC falls
below the Nusslet correlation. It is clear that the condensation HTC is dependent on the
heat input, as shown in Fig. 3.7 (a - d). For example, for the 5% FR in Fig. 3.7 (a) the
condensation HTC increased from 5 kW/m2.K to 7.5 kW/m2.K when the heat input
increased from 30 W to 150 W. The same trend of condensation HTC can be noticed for
all samples under all cases. The reported results showed that the subcooling degree between
the condenser surface and the saturated vapor increases as the heat input increase due to
the fact that the saturated vapor temperature increases as the pressure of the saturated vapor
increase inside the heat pipe [23]. Finally, it is apparent that a small amount of enhancement
obtained in the condenser section as comparing the predicted and experimental
condensation HTC. If we go back to Fig. 3.6 (a - d) we can spot the vast enhancement
achieved in the evaporator HTC compared to Imura correlation, once again, this is due the
to coating that is integrated into the evaporator section only in this study.

77

Figure 3.7 Predicted and experimental HTC of condensation for different inclination
angles (a) 25°, (b) 55°, (c) 75°, and (d) 90°.
3.6.1.D Thermal conductivity
To sum up, the effect of the filling ratio on the heat pipe thermal performance and
determine the optimum conditions, thermal conductivity with heat input is plotted and
presented in Fig. 3.8. Two inclination angles are shown in this figure, 25° in Fig. 3.8 (a)
and 90° in Fig. 3.8 (b). From looking at Fig. 3.8 (a), 25° inclination angle case, it can be
seen that the 3% FR starts with a high thermal conductivity up to around 120 kW/m.K,
even though, the performance begins to degrade as the heat input increase beyond 60 W
leading to a dryout conditions at 150 W. This behavior and the dryout condition occurs due
to the lack of condensate returning to the evaporator section as the filling ratio is low and
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limited gravity assistance available [32]. Thus, the 3% FR case is considered the underfilled
case. Meanwhile, the 5% FR shows high thermal conductivity starting at 30 W and keeps
increasing up to around 100 kW/m.K as the heat input increase, which makes this filling
ratio is the optimum filling ratio for this research working conditions. The 10% and 15%
FR cases show lower thermal conductivity for all heat input cases with regards to the 5%
FR case. Thus they are considered the overfilled conditions for this research. Fig. 3.8 (b)
has a similar trend to Fig. 3.8 (a), even though it can be seen that the 3% FR performed a
little better in this case because of the inclination angle, 90°, such that the gravitational
forces assist and speed the returning process of the condensate. Yet, the dryout happened
at 150 W. once again, the optimally filled condition, 5% FR, still owns the highest thermal
conductivity that is increasing as the heat input increase. Finally, the overfilled cases, 10%,
and 15% FR showed lower thermal conductivity values under the same working conditions.

(b)

(a)

Figure 3.8 Thermal conductivity for different heat inputs (a) 25° inclination angle, and (b)
90° inclination angle.
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3.6.2 Inclination angle
3.6.2.A Effect of inclination angle on thermal resistance
The total thermal resistance of the heat pipe is calculated and plotted with regard to
heat inputs for each filling ratio to clarify the impact of inclination angles on the thermal
performance. Fig. 3.9 (a - d) represents the four cases of the filling ratios, 3% FR, 5% FR,
10% FR, and 15% FR, respectively. From the basic understanding of the filling ratio and
the conclusion drawn from the temperature distribution figures from the preceding
paragraph, filling ratios used in this work can be denoted as underfilled is the 3% FR,
optimally filled is the 5% FR, and overfilled conditions are 10% FR and 15% FR. Fig. 3.9
(a) for the underfilled case showed two working patterns, where for the small heat inputs,
the thermal resistance was low; meanwhile, for all the cases after reaching medium to high
heat inputs, the dryout conditions were dominant.
For Fig. 3.9 (a), at 0° inclination, the thermal resistance recorded was 1.31 K/W for
the case of 30 W (did not show up in the figures because it is out of range) while for the
higher heat inputs all the cases experienced dry out conditions. This dryout related to the
lack of working fluid at the evaporator section, the same problem faced Chen et al. [11],
where they had to terminate their tests because of the dryout conditions. The overlook of
Fig. 3.9 (a) shows that the best angle for the working cases was 55°. Furthermore, for Fig.
3.9 (a) the other four heat input cases represented by 60 W, 90 W, 120 W, and 150 W,
followed the same pattern where a remarkably low thermal resistance documented at low
heat inputs, and for high heat inputs; dryout situation developed for the 25°, and 55° and
high thermal resistance of 0.24 K/W noted for the 75° and 90°. The primary clarification
and reason for such thermal behavior is the working fluid content at the evaporator part.
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As the working fluid amount is low, at high heat inputs, the evaporation rate will be higher,
which means all the liquid at the evaporator section will evaporate before the condensate
makes it back to the evaporator. The same clarification was investigated and achieved
numerically [18].
Fig. 3.9 (b), 5% FR, this figure shows the lowest thermal resistance levels compared
to all other figures, encountering no dryout situation throughout all the heat input levels,
which made it the optimum filling ratio case. The thermal resistance range for Fig. 3.9 (b)
was 0.019 - 0.028 K/W. Though it represents the optimal case, For 0° inclination, a poor
thermal performance recorded as there is no gravity to assist condensate returning to the
evaporator section. As the inclination angle increased, this issue has resolved. It can be
seen from Fig. 3.9 (b) that the 55° inclination case possessed the best thermal behavior
compared to all other cases. From Fig. 3.9 (c) it can be seen that the 55° inclination case
was the best regarding thermal resistance. The most inferior thermal behavior was at the 0°
inclination; this is due to the same reason for the optimal filling ratio case. At 0° inclination,
the gravity effect is so small or neglected. Thus the condensate will not return to the
evaporator immediately; therefore, the temperature of the evaporator will rise, leading to a
poor thermal behavior which numerically visualized by Jafari et al. [20]. The lowest
thermal resistance achieved for this case was 0.032 K/W, which is higher than the highest
thermal resistance for Fig. 3.9 (b).
While for Fig. 3.9 (d) we see a different story; the 0° inclination maintained the
highest thermal performance for this filing ratio. This high thermal performance can be
related to the liquid amount at the evaporator. At low inclination (small or negligible
gravity effect) and because of having a large amount of working fluid, the evaporator will
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be covered with a layer of liquid, which will substantially augment the thermal
performance. When the inclination angle increased, the liquid returning to the evaporator
section increased (due to a higher gravity effect). Thus a liquid pool will be formed at the
evaporator section, which decreased the thermal performance of the heat pipe.
A similar conclusion was drawn experimentally and numerically, where the thermal
behavior of a heat pipe deprived due to the presence of a liquid pool at the evaporator
section [18, 33]. To sum up, the different schemes of thermal behaviors encountered with
each inclination angle showed that the orientation (gravity effect) has a remarkable impact
on the heat pipe’s performance. The lowest thermal resistance achieved for this case was

Figure 3.9 Total thermal resistance with different heat inputs, (a) Fr = 3%, (b) Fr =
5%, (c) Fr = 10%, and (d) Fr = 15%.
0.028 K/W, which is equal to the highest thermal resistance for Fig. 3.9 (b). Once again,
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Figure 4.1 Grooves specifications [14].Figure 3.4 Total thermal resistance with
different heat inputs, (a) Fr = 3%, (b) Fr = 5%, (c) Fr = 10%, and (d) Fr = 15%.

Fig. 3.8 shows that the 5% FR represents the optimum case in a thermal resistance manner
for the heat pipe.

3.7 Conclusion
An experimental investigation carried out in order to optimize the filling ratio of a
nanoengineered heat pipe. The effects of inclinations angle and heat input power were
extensively investigated for the steady-state conditions. The tests aimed at achieving the
highest thermal performance possible, represented by the lowest thermal resistance, for the
heat pipe. Copper heat pipe with an outer diameter of 12.7 mm and a length of 440 mm
were used. Ultra-filtered deionized (DI) water was employed as the working fluid. Four
different filling ratios were studied; 3%, 5%, 10%, and 15% FR. The filling ratio is denoted
by the ratio of the working fluid volume to the volume of the evaporator section of the heat
pipe. The results revealed that as the heat input increase, the temperature gradient among
heat pipe ends increases. According to the obtained results, the filling ratios have been
classified as an underfilled filling ratio (i.e., 3% FR), the optimum filling ratio (i.e., 5%
FR), and an overfilled filling ratio (i.e., 10% and 15% FR). For the underfilled conditions,
the dry-out happened at high heat inputs. While for the overfilled case, the presence of a
liquid pool at the evaporator section affected the thermal performance negatively. The
optimum filling ratio for this research was found to be 5% Fr, for which a thin liquid film
covered the evaporator walls under all operating conditions. Furthermore, the heat transfer
capacity of the evaporator and condenser sections were characterized by the heat transfer
coefficient HTC for all filling ratios cases. The HTC results marked that the majority of
the enhancement occurred in the evaporator section (HTC of evaporation) compared to the
condenser section (HTC of condensation). Imura correlation, which is developed for the
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pool boiling heat transfer, was used to theoretically calculate the HTC of evaporation.
While for the HTC of condensation, the Nusselt correlation was used. The experimental
HTC of evaporation and condensation were compared with a predicted one and showed a
good level of agreement [22].
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Chapter 4
Thermal performance optimization of copper-water heat pipe by hydrophilic
and hydrophobic nanoengineered surfaces3

3

Abdulshaheed, A., Wang, P., Huang, G., & Li, C., Filling ratio optimization for a high performance
nanoengineered copper-water heat pipe. To be submitted to the International Journal of Heat and Mass
Transfer (2020).
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4.1 Abstract
In any grooved heat pipe, the dominant factor that affects the thermal performance
is the flow of the working fluid from the evaporator to the condenser section. In this study
various nanoengineered surfaces and different wettability surfaces are implemented to
investigate the enhancement achievable in thermal performance. A helically inner grooved
copper pipe is used to fabricate the heat pipe samples. Nanoengineered surfaces are
integrated on the inner surfaces of the heat pipe, creating different configurations.
Hydrophilic, hydrophobic, and a mixture of both were used. Contact angle measurements
are conducted to analyze and compare each surface characteristics. The experimental
results are validated and compared with theoretical correlations. The results showed a super
high thermal conductivity of 130 kW/m.K. There was a maximum reduction of 96% in
total thermal resistance by using hydrophilic and hydrophobic at the different sections in
the same sample compared to the pristine copper heat pipe.
Keywords: Grooved copper heat pipe, nanoengineered surfaces, Copper oxide (CuO),
Self-Assembled Monolayers (SAM), Thermal performance.
Highlights:
•

Optimization of nanoengineered surfaces for the highest thermal performance.

•

Employing hydrophilic CuO and hydrophobic SAM coatings in the heat pipe.

•

Copper oxide CuO and self-assembled monolayer (SAM).

•

Five test samples with five different wettability configurations are tested.

•

Achieving super-high thermal conductivity of (130kW/m.K).

•

96% reduction in total thermal resistance attained.
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Nomenclature
A

area

i

inner

d

diameter

in

input

F

force

ins

insulation

g

gravity

loss

losses

h

heat transfer coefficient, height

o

outer

hfg

enthalpy for evaporation

s1

insulation surface, location 1

I

current

s2

insulation surface, location 2

k

thermal conductivity

t

total

L

length

w

wall

Q

heat input

wk

wick

r

radius

R

thermal resistance

θ

contact angle

T

temperature

α

accommodation coefficient

t

time

δ

uncertainty

V

voltage

μ

dynamic viscosity

Subscripts

ρ

density

a

ambient air, adiabatic

σ

standard deviation

c

condenser

e

evaporator

eff

effective

g

gravitational force

Greek Symbols
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4.2 Introduction
The performance of the passive phase-change systems, heat pipes, is mostly
affected by the characteristics of evaporation and condensation. As surface wettability
applies a substantial effect on the evaporation and condensation process inside a heat pipe,
a need to explore and produce more efficient and durable gradient wettability surfaces are
on the rise. Integrating gradient wettability surfaces enhances the capillarity of the heat
pipe [1, 4] such that the condensate returns faster to the evaporation section and spreads
over more areas such that dry-out zones eliminated. Numerous researches were conducted
to investigate the effect of gradient wettability on copper surfaces. For example, Jiao et al.
[5] mathematically modeled the prediction of the contact angle effect on the meniscus
radius of a micro-trapezoidal grooves heat pipe. The disjoining pressure and interface
surface tension were included in the model. The results declared a direct effect of capillary
limitations regarding the heat transport capability while the effective thermal conductivity
was directly affected by the thin film evaporation. Another one-dimensional steady-state
model was proposed by Qu et al. [6] to explore the effect of a functional surface with axial
ladder contact angle on the performance of a micro heat pipe (MHP) and compare it to the
traditional micro heat pipe. Results showed higher “maximum heat input” for the functional
surface MHP compared to the MHP with no functional surface. They related the increase
in the maximum heat input to the higher capillary forces generated by the axial ladder
surface. A flat-plate heat pipe was used to measure the effect of copper surface wettability
by Wong et al. [7]. Three different degrees of wettability were obtained by varying the
exposure time in the air after the sintering process. Water, methanol, and acetone were the
working fluids. The results showed that the water heat pipe was more affected by the
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wettability changes rather than the methanol or acetone heat pipes, this is due to the high
surface tension of water compared to methanol and acetone. By using different
configurations of gradient wettability inside a grooved heat pipe, Cheng et al. [8] managed
to achieve a high reduction in thermal resistance. Five different heat pipes samples were
experimented. The best sample, which showed a 92.6% reduction in thermal resistance,
was fabricated with gradient wettability (CA=20° - 85°) at the adiabatic section. Alkali
assistant oxidation technique was implemented to fabricate the gradient wettability
surfaces inside the heat pipe. A mathematical model was created to quantitively predict the
velocity of the working fluid flow inside the heat pipes grooves. Singh et al. [9] developed
a one-dimensional mathematical model to analyze the effect of wettability gradient on the
inner surface of a micro heat pipe. MHPs with different wettability schemed were
considered: uniform scheme, step-variation, and linear variation contact angle scheme. The
results indicated that higher wettability at the evaporator with lower wettability at the
condenser possess the best thermal performance which enhances the working fluid
redistribution from the condenser to the evaporator. A 35% increase in that heat transfer
capacity achieved by the previously mentioned wettability scheme.
Furthermore, many researchers explored the effect of gradient wettability on
boiling and condensation. Stutz et al. [10] showed experimentally the enhancement
achieved by adding a coating layer to a platinum wire. Maghemite (γ-Fe2O3) nanoparticles
utilized to fabricate a nanostructure coating on the platinum wire. A significant increase
noticed in the boiling critical heat flux (CHF), and they related it to the improvement in
surface wettability produced by the coating. Hendricks et al. [11] reported the enhancement
achieved on boiling critical heat flux, where they used ZnO nanoparticles to integrate a
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hydrophilic nanostructure surface on Al and Cu substrates. Once again, they claimed the
enhancement due to high nucleation site density and bubble frequency. The dropwise
condensation heat transfer of a copper surface was enhanced by 125% when integrating a
hydrophobic nanostructure on the surface. Clustered ribbed nanoneedles, which is a
hydrophobic nanostructure, were fabricated by Zhu et al. [12] in situ on the copper sample.
As claimed by the author, the high-density nucleation and self-departure of small-scale
condensate were the main reasons for the enhancement. Using hydrophobic coating has a
significant effect on condensation surfaces as the dropwise condensation is more efficient
than film wise condensation. Vemuri et al. [13] utilized self-assembled monolayers coating
(SAMs) to fabricate a hydrophobic coating on the copper surface. Two types of SAMs
were used: n-octadecyl mercaptan (SAM-1) and stearic acid (SAM-2). Condensation heat
transfer rate increased three times and eight times, compared to film wise condensation,
using (SAM-1) at vacuum condition (33.68 kPa) and atmospheric condition (101 kPa),
respectively.
From the literature review above, even though the effect of gradient wettability on
the heat pipe performance was widely investigated and improvement showed. There was a
distinct lack in obtaining a high thermal performance heat pipe and the reason for gradient
wettability enhancement was not well detailed. Hence, in this work, achieving high thermal
performance is the primary goal such that a super high thermal conductivity of (130
kW/m.K) is reported for one of the samples tested. Furthermore, a well-detailed discussion
included, which is supported by theoretical correlations to clarify the possible reasons for
enhancement due to nanoengineered surfaces.
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4.3 Experimental section
4.3.1 Experiment details
In this work, the heat pipe samples are manufactured from grooved copper pipes,
characteristics shown in Fig. 4.1 and Table 4.1 [14]. All heat transfer limitations are
considered in the manufacturing process. To elevate the performance of the heat pipe and
enhance capillarity, nonengineered surfaces, various wettability coatings, are implemented.
These coatings are integrated on the inner surfaces of the heat pipe. Specifically, the
evaporator and condenser sections. The adiabatic section is uncoated for all samples. Five
different samples with five different nanoengineered surfaces configurations, wettability
gradient, are manufactured and tested. These five samples created by manipulating
nanoengineered surface types and locations to create different configurations. Fig. 4.2 and
Table 4.2 detail the conditions and configurations of each heat pipe sample used in this
study. Subsequently, the samples connected to the test setup, one sample at a time, and the
experimental part was executed.
Table 4.1 Heat pipe parameters [14].
Parameters

Value/material

Tube
material
Copper
Table
4.2 Heat pipe parameters
[14].
Working fluid

DI water

Pipe
length
440 mm
Table
4.3 Heat pipe parameters
[14].
Outer diameter

12.7 mm

Inner diameter

11 mm

Groove depth

0.28 mm

Number of grooves

75

Table 4.4 Heat pipe parameters [14].

Figure 4.1 Grooves specifications [14].

Figure 4.2 Grooves specifications [14].
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Table 4.2 Heat pipe samples configurations.
Sample

Condenser

Table
Heat pipe samplesBare
configurations.
No. 4.2
1, (a)
Cu
No. 2, (B)

Bare Cu

Figure
Schematic view of the
heat pipe
No. 4.3
3, (c)
SAM
samples configurations at evaporator and
No. 4, (d)
SAM
condenser sections.Table 4.2 Heat pipe samples
configurations.
no. 5, (e)
SAM + Copper Oxide (CuO)

Adiabatic

Evaporator

Bare Cu

Bare Cu

Bare Cu

Copper Oxide (CuO)

Bare Cu

Bare Cu

Bare Cu
Bare Cu

Copper Oxide (CuO)
Copper Oxide (CuO)

Table 4.2 Heat pipe samples configurations.

Condenser

Adiabatic

Evaporator

(A)

(B)

(C)

(D)

(E)

Figure 4.2 Schematic view of the heat pipe samples configurations at evaporator
and condenser sections.

95

4.3.2 Fabrication of nanoengineered surfaces
4.3.2.A Copper oxide coating fabrications (CuO)
The grooved copper tubes were ultrasonically cleaned for 10 minutes in acetone to
remove oil/greases then soaked in dilute hydrochloric acid solution for another 10 minutes
to remove the native oxide film. They were finally rinsed with water and dried by nitrogen
gas. The copper oxide, CuO, nanostructures were synthesized in a hot alkaline solution at
95 oC. The solution was prepared by dissolving NaClO2 (3.75 g), NaOH (5.0 g), and
Na3PO4·12H2O (10 g) in distilled water (100 ml) [15, 16]. The copper was oxidized in
quasi-self-limiting chemical processes [17].
4𝐶𝑢 + 𝐶𝑙𝑂2− → 2𝐶𝑢2 𝑂 + 𝐶𝑙 −

(1)

2𝐶𝑢2 𝑂 + 𝐶𝑙𝑂2− → 4𝐶𝑢𝑂 + 𝐶𝑙−

(2)

SEM image shows that the CuO coatings have a high uniformity in a dense array of sharp
blade-like morphology (height: 1 μm, tip dimension: 10 nm) [18], as shown in Fig. 4.3.
The wettability is characterized by the contact angles (CAs) of sessile water droplets (5 µL)
on the as-prepared surfaces. CAs are measured using the VCA-optima system (AST
Products Inc.) with an accuracy of ± 0.5°. The wettability is significantly enhanced from
weak hydrophilic, with a contact angle (CA) of 75.1 ± 1.5° on the pristine flat copper
surface, to super hydrophilic, with a CA of 10.1 ± 0.4° on the CuO coatings.
4.3.2.B SAM coating fabrication
Sustainable dropwise condensation (DWC) has been achieved on the copper
surface with a thin film coating of n-octadecyl mercaptan owning to a robust covalent
bonding of S-Cu [19, 20]. Kim et al. [13] reported that the self-assembled monolayer (SAM)
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of n-octadecyl mercaptan obtained an exultant DWS for a period of 100 hours and 2600
hours, resulting in an enhancement of 300 % and 180 % over the film wise condensation,
respectively. The SAM coating was applied on two types of samples: pristine copper and
CuO coated copper. Both surfaces were immersed in the ethanolic solution of noctadecanethiol (ODT, 96 %, Alfa Aesar) solution (2.5 mM) and kept at 75 °C for 1 hour.
The samples were rinsed with absolute ethanol and blow-dry. The organic film was
produced by self-assembly of molecules attached to the metal oxide surface by covalent
bonds. The chemical reactions are [21].
2𝐶𝐻3 (𝐶𝐻2 )17 𝑆𝐻 + 𝐶𝑢𝑂 → (𝑆𝐶18 𝐻37 )2 + 𝐶𝑢 + 𝐻2 𝑂

(3)

2𝐶𝐻3 (𝐶𝐻2 )17 𝑆𝐻 + 2𝐶𝑢 → (𝐶18 𝐻37 𝑆𝐶𝑢)2 + 𝐻2

(4)

The OTD self-assembly process significantly modifies the surface morphology of
CuO nanostructures, but no obvious on pristine copper surfaces, as shown in Fig. 4.3 (a)
and (b). Layers structures with a relative large-scale form on the OTD-coated surface, SAM,
which owes to the graving effects during the chemical reaction that parts of CuO are
reduced to Cu and further reacted with the sulfhydryl. The SAM coating modifies these
surfaces with -CH2 functional groups, resulting in (super) hydrophobic surfaces. CA is
113.2 ± 1.4° and 154.0 ± 1.4° on the pristine surface and CuO nanostructures with SAM
coatings (Fig. 4.3(c)), respectively. The measured CAs agree well with the reported data in
the literature [13, 21].

97

Figure 4.3 The morphology of the different surfaces used (a) pristine copper, (b) SAM,
(c) copper oxide (CuO) and (d) copper oxide (CuO) and SAM.
4.3.2.C Nanoengineered surfaces characteristics
For the evaporator section where the hydrophilic nanoengineered surface, CuO
coating, is applied. A capillary rise test was performed using two copper plates, with a
dimension of (15 cm × 5 cm) [14]. These two samples represented the hydrophilic coating
(copper oxide CuO) and the pristine copper. This test was conducted to obtain and analyze
the enhancement in capillarity achieved by the coating. Also, theoretical correlations were
used to calculate and compare the rise height for the same samples under the same
conditions. Eq. 5 used to calculate the rise height theoretically. The detailed description of
the rise test and the origin of the equation listed in a previous publication [14]. Fig. 4.4
compares the rise test results for the hydrophilic sample, the pristine copper sample, and
theoretical results. It is evident that the hydrophilic copper oxide coating (CuO)
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dramatically enhanced the capillarity compared to the bare copper sample. Furthermore, a
good agreement in results can be noticed between experimental and theoretical lines [14].
1

𝜎 2 𝑐𝑜𝑠 2 𝜃 3
ℎ(𝑡) ≅ (
𝑡)
𝜇𝜌𝑔

(5)

Figure 4.4 Experimental and theoretical capillary rise height [14].
While for the condenser section, four different surface types implemented over the
five samples used in this work: bare copper surface, SAM surface, CuO surface, and CuO
Figure 4.5 Experimental and theoretical capillary rise height [14].
+ SAM surface. Each surface has a different hydrophobicity. The contact angle was
experimentally measured and presented to clarify the effect of each surface type and
compare the hydrophobicity. Fig. 4.5 shows the contact angle measured for each surface;
it is noticeable that the nanoengineered surface containing copper oxide and SAM
combined has the highest contact angle, which means this surface is superhydrophobic
compared to the other surfaces.
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(a)

(b)

113.2 ± 1.4°

75.1 ± 1.5°
(c)

(d)

10.1 ± 0.4°

154.0 ± 1.4°

Figure 4.5 Contact angle measurements for (a) pristine copper surface, (b)
SAM surface, (c) copper oxide (CuO) surface and (d) copper oxide (CuO)
and SAM surface.

4.4 Fabrication of the grooved heat pipe
An inner grooved copper pipe with 12.7 mm outer diameter, a length of 440 mm
and a wall thickness of 0.8 mm, equipped with (75 ± 2) helical grooves inside, is used to
fabricate the samples in this work. The heat pipe samples have three main regions:
evaporator, adiabatic, and condenser with lengths of 150 mm, 50 mm, and 240 mm,
respectively. Five different samples are manufactured, each having a different coating
configuration, as previously shown in Fig. 4.2. Ultra-filtered deionized (DI) water is the
working fluid for the heat pipe. Firstly, the copper pipes went through an intense cleaning
process to eliminate any post-production contaminations such as oils and oxide layers. The
cleaning process consists of a five minutes bath in 10% Sulfuric Acid (H2SO4) followed by
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two other bathing steps with five minutes each, acetone and ethanol, respectively. At last,
five minutes of sonication in a DI water bath is performed. Secondly, synthesizing the
coating on the inner side of the heat pipe. Finally, the cleaned and coated pipe connected
to a vacuum/charge system where it was vacuumed and charged with the amount of 5.5 ml
of the working fluid.

4.5 Experimental setup and testing
The experimental test setup consists of a cooling system, heating system, and a
frame with the capability of varying the inclination angles of the system, as shown in Fig.4.
6 [14]. The cooling system is made of 4” diameter metal water jacket that encapsulates the
condenser section of the heat pipe. Constant temperature water bath supplies water to the
cooling section at 1.5 L/min flow rate and temperature of 35°C. The heating system
comprises two aluminum plates (15 cm × 5 cm × 1 cm), which covers the evaporator part
of the heat pipe. Four cartridge heaters installed in each plate to provide the required heat
input. A D.C. power supply is the source of power to heaters. The frame consists of a lever,
where that heat pipe sits, a hinge attaches that lever to the main body of the test set up. This
hinge gives movement freedom such that the angle of inclination can range from 0°- 90°.
Four points are chosen for measuring the temperatures on the outer surface of the heat pipe:
two points at the evaporator section and another two on the condenser section, as shown in
Fig. 4.7 [14]. Thermal grease applied to all contact points between thermocouples and the
heat pipe surface to acquire precise measurements. Thermal insulation applied to the whole
setup to minimize heat loss. The test process included five different heat inputs: 30, 60, 90,
120, and 150 W and five inclination angles: 0°, 25°, 55°, 75°, and 90°. The test always
starts by running the cooling systems before the heating system to avoid the dryout
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situation. Typically, the 55° is the start angle with a heat input of 30 W, when the temperature
readings become steady, the data is saved, and the next heat input will be applied and so on.

Water jacket
Thermal insulation
Constant temperature water

Voltmeter

bath

Thermocouples

DC power supply

Ɵ°
Aluminum plates
(with heaters)

Data acquisition system

Laptop

Figure 4.6 Schematic diagram of the experimental setup [14].

8 cm

8 cm

8 cm

5 cm

5 cm 5 cm 5 cm

T7

T5

T3

T1

T8

T6

T4

T2

Condenser

Adiabatic

Evaporator

Figure 4.7 Distribution of thermocouples on the heat
pipe surface [14].
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4.6 Data Reduction
The temperature differences on the far ends of the heat pipe are measured and saved
from experiments to evaluate the performance of the heat pipe. First, the power input to
the heat pipe is calculated using Eq. 6.
𝑄 =𝑉×𝐼

(6)

Where V represents the voltage supplied to the heaters, and I is the current. This heat input
will go through some losses, so Q from Eq. 1 doesn’t serve as the actual heat supplied to
the heat pipe. Thus, the heat losses need to be calculated to indicate the exact amount of
power supplied to the heat pipe. An experimental test is conducted to obtain the correlation
to compute the heat loss for this test set up [14], such that Eq. 7 is employed to calculate
the heat loss for the heat pipe test set up as follows:

𝑄𝑙𝑜𝑠𝑠 = ℎ𝑖𝑛𝑠 𝐴𝑖𝑛𝑠 (

𝑇𝑠1 + 𝑇𝑠2
− 𝑇𝑎 )
2

(7)

Where hins, Ains represent the heat transfer coefficient and the surface area of the insulation
of the system, respectively. Ts1, Ts2 is the insulation surface temperatures at location 1,2,
respectively, and Ta is the ambient temperature. Such that the actual heat input to the system
is represented as follows:
𝑄𝑖𝑛 = 𝑄 − 𝑄𝑙𝑜𝑠𝑠

(8)

The heat pipe effective thermal conductivity can be calculated as follows:

𝑘𝑒𝑓𝑓 =

𝐿𝑒𝑓𝑓
𝐴𝑝 𝑅𝑡
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(9)

Where Leff is the effective length of the heat pipe, which is given in Eq. 10. Ap is the surface
area of the heat pipe, and Rt is the total thermal resistance of the heat pipe.
𝐿𝑒𝑓𝑓 = 0.5𝐿𝑒 + 𝐿𝑎 + 0.5𝐿𝑐

(10)

Le, La, Lc are the lengths of evaporator, adiabatic, and condenser sections, respectively.
Meanwhile, the thermal resistance can be calculated as:

𝑅𝑡 =

𝑇𝑒 − 𝑇𝑐
𝑄𝑖𝑛

(11)

4.7 Uncertainty analysis
As measurements could involve some uncertainties, such as heat input
measurement represented by voltage and current values, thermocouples reading, and
thermocouple locations. An analysis is done to calculate the uncertainties accompanied the
heat input, thermal resistance, and heat transfer coefficient calculations. For example, the
uncertainty of heat input which is a product of two measured values: voltage and current,
is calculated [14]:
∆𝑄
∆𝑉 2
∆𝐼 2
√
= ( ) +( )
𝑄
𝑉
𝐼

(12)

While thermal resistance is the temperature reading differences among heat pipe ends to
the heat input. The uncertainty for the thermal resistance is calculated:
∆𝑅𝑡
∆𝑄 2
∆(∆𝑇)
= √( ) + (
)
𝑅
𝑄
𝑇
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2

(13)

Finally, the heat transfer of the evaporator and condenser represents the ratio of heat flux
to the temperature difference between vapor and the surface of the section. Thus, Eq. 14 is
used to calculate the uncertainty:
∆ℎ
∆𝑞 2
∆(∆𝑇)
= √( ) + (
)
ℎ
𝑞
𝑇

2

(14)

The analysis above produced a maximum uncertainty of 3.6%, 7.2%, and 4.1% for heat
input, total thermal resistance, and heat transfer coefficient.

4.8 Results and discussion
4.8.1 Temperature distribution and temperature difference
In this section, the temperature profile for each of the five samples tested will be
presented and discussed. Also, the temperature difference among the ends of samples is
given in the figures below. Fig. 4.8 (a) and (b) shows and compares the variation of wall
temperature along the length of each sample at 90 W heat input and for two different
inclination angles. At 0° inclination angle, Fig. 4.8 (a), sample No. 4 possesses the most
uniform temperature distribution throughout the whole length of the heat pipe, among other
samples. Furthermore, sample No. 4 exhibited the lowest temperatures values at all sections
compared to the other four samples, where average temperature recorded at the evaporator
section for No. 4 was 45.19 ° C. Meanwhile, the closest temperature recorded was to
sample No.5 with an average of 47.01 °C. At 25° inclination angle, Fig. 4.8 (b), the same
trend in temperature distribution profile is noticed for all samples. Though, it can be seen
that sample No. 1, the original sample with no nanoengineered surfaces, is reaching a high
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(a) 73.8 °C

(b)

Figure 4.8 Wall temperature distribution at 90 W with different inclination angles
(a) 0° and (b) 25°.
temperature at the evaporator section of 73.8 °C. This is due to the poor wettability
characteristics of the pristine copper surface, such as the lack of working fluid conditions
Figure 4.8 Wall temperature distribution at 90 W with different inclination angles
(a) 0° and
(b)to25°.
occurs at the evaporator section, which
leads
such high temperatures. Meanwhile,
Sample No. 4 still owning the lowest average evaporator temperatures of 45.37 °C
compared to No. 5, with an average evaporator temperature of 48.49 ° C. In Fig. 4.9 (a)
and (b), a closer look at the nonengineered surface enhancement is shown by measuring
and presenting the temperature differences on heat pipe ends. It is known for heat pipes,
the lower the temperature difference, the better the performance. In Fig. 4.9 (a) at a 75°
(a)

(b)

Figure 4.9 Temperature differences on heat pipe ends at (a) 75°, (b) 90°.
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inclination angle, sample No. 4 shows the least temperature difference for all heat input
cases. At 30 W, the enhancement was not that major as the evaporation rate is small for
low heat inputs. While as the heat inputs raised beyond 30 W, the gap in the temperature
difference between No. 4 and other samples started to grow bigger. The enhancement at
the evaporator section achieved for No. 4 can be attributed to the hydrophilic characteristics
of the nanoengineered surface, CuO coating, which helps spread the working fluid over
larger areas and ensure the presence of a thin layer of working fluid such that no dry out
conditions attained [22, 23]. Finally, Fig. 4.8 and 4.9 clarify the effect of the nonengineered
surfaces on heat pipe performance. The conclusion is drawn from these figures: sample No.
4 has the best performance in all temperature aspects compared to the other four samples.
4.8.2 Evaporator thermal performance
At the evaporator section of a heat pipe, a multiplex heat transfer behavior occurs,
even though the suggested dominant mechanisms for heat transfer are nucleate boiling and
thin-film evaporation [24, 26]. Imura et al. [27] specifically developed a correlation for
measuring the thermal performance of the evaporator section of a heat pipe. Imura
correlation is based on nucleate boiling, pool boiling, and thin-film evaporation. The
correlation is used to calculate the evaporation heat transfer coefficient for the heat pipe,
as listed in Eq. (15):

ℎ𝑒,𝑡ℎ

𝜌𝑙0.62 𝑘𝑙0.3 𝐶𝑝𝑙0.7 𝑔0.2 𝑞𝑒0.4 𝑃𝑠𝑎𝑡 0.3
= 0.32 [
](
)
0.4 0.1
𝑃𝑎𝑚𝑏
𝜌𝑣0.25 𝐻𝑓𝑔
𝜇𝑙
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(15)

Furthermore, the thermal resistance of the evaporator section of the heat pipe can
be theoretically calculated using Eq. (16) as follows:

𝑅𝑒 =

1
ℎ𝑒,𝑡ℎ (𝜋𝐷𝑙𝑒 )

(16)

Eq. (16) is mainly used for calculating the theoretical thermal resistance of the evaporator
section of the heat pipe. Fig. 4.10 shows the comparison and the agreement between the
measured experimental thermal resistance and the theoretical one. It can be seen that
samples No. 1 and No. 3 are far away from any agreement with the theoretical results, this
makes sense since the evaporator section for these samples is made of a pristine copper
with no nanoengineered surfaces applied. Sample No. 2 is showing closer values to the
+30% range line than No. 1 and No. 3, but still not showing any kind of reasonable
agreement even though it has a copper oxide CuO at evaporator section. This is due to the
lack of condensate returning to the evaporator section. Sample No. 5 shows average
agreement at low heat inputs and excellent agreement at high heat input due to the
evaporation rate. Sample No. 4 is the dominant sample regarding experimental values
agreement with calculated one. This agreement owns to the ideal amount of working fluid
at the evaporator section were all the mechanism presented in Imura correlation is matched.
For samples No. 4 and No. 5, at the bottom region of the evaporator section, pool boiling,
and nucleate boiling will be dominant due to working fluid accumulation. Meanwhile, most
of the wall regions will be covered with a thin film of working fluid because of the
hydrophilicity of the nanoengineered surface applied. Thus, thin-film evaporation is the
dominant case.
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Figure 4.10 Predicted and experimentally calculated thermal resistance for the
evaporator section at 90 inclination angle case.

4.8.3 Condensation thermal performance

In most cases, dimensionless groups of parameters are used for the characterization
of condensation heat transfer. In this research, the Nusselt number (Nu) and film Reynolds
number are utilized to present the condensation heat transfer. These parameters are defined
as:

𝑅𝑒𝑓 =

4𝑄
𝜋𝑑ℎ𝑓𝑔 𝜇

(17)

ℎ𝑐 𝑙𝑐
𝑘𝑙

(18)

𝑁𝑢 =
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For the theoretical calculations, ℎ𝑐 is found by using the Nusselt correlation [14].
While the experimental Nu utilized the measured ℎ𝑐 . In Fig. 4.11, for sample No. 1, the
sample with no nanoengineered surfaces, the experimental Nu is falling far below the
Nusselt number, this is mainly because the working fluid at the condenser section will take
longer time to return to the evaporator section, which creates a thin layer of liquid at the
condenser section such that an extra thermal resistance is added. Thus, lower thermal
performance attained [28]. Sample No. 2 has coating at the evaporator section; this
hydrophilic coating will ensure a thin layer of liquid covering the evaporator section. This
will guarantee a high evaporation rate, which in return will drive more condensate to return
back and such will have a less amount of liquid layers at the condenser section. This is why
No. 2 shows better performance than No. 1. For No. 3, SAM coating at the condenser
section, it can be seen that for smaller Reynold numbers, No. 2, with evaporator
modification, has better condensation performance than No. 3, though No. 3 owned the
higher performance when the Reynolds number increased. This is due to the hydrophobic
coating that will prevent forming any thin layer of condensate, which will enhance the
condensation heat transfer. No. 4, coated evaporator with SAM at the condenser, shows the
best and most comparable agreement with Nusselt, this declares that the configuration of
sample No. 4 is the optimum for these working conditions. Meanwhile, No. 5, with coated
evaporator and SAM + CuO condenser, was better than all other samples but lower than
No. 4. This is most likely because of the interfacial interaction between condensate and
condensing surface. This interfacial interaction is due to having a copper oxide layer CuO
beneath the hydrophobic coating SAM, which will create voids that will be filled with
water vapor. In contact angle measurements, which is an air- steam environment, No. 5
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showed better superhydrophobicity compared to No. 4. Meanwhile, in the steam
condensation process, the voids created by the copper oxide will degrade the performance
of sample No. 5 due to vapor trapping in these voids [29].

Figure 4.11 Predicted and experimentally measured Nusselt number vs. film
Reynolds number at 90° inclination angle case.

4.8.4 Optimum inclination angle
Five different inclination angles were tested in this research. In order to identify the
optimum angle that produced the highest thermal performance, the thermal conductivity is
plotted and presented in the figures below. To avoid repetition and similarity, four angles
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out of five are presented 0°, 25°, 75°, and 90°. Fig. 4.12 (a), for a 0° inclination angle, this
case has a negligible gravity effect as the test setup in a horizontal orientation. Thus, sample
No. 1 is falling far below all other samples in thermal conductivity manners. Sample No.
1 showed poor performance as the pristine copper surface has low hydrophilicity, limited
ability to spread water, plus there is no gravity support so low amount of condensate
returning with time to cover the evaporator area and absorb the heat. That is why sample
No. 1 showed the lowest thermal conductivity values. For sample No. 2 and No. 3, the
performance is close or similar. Hence both samples have enhancement on one end only.
This also could work as a comparison between the amount of enhancement achieved by
applying the coating at the condenser section only versus applying the coating at the
evaporator section. Once again. Sample No. 4 takes the lead in thermal conductivity
manners, as it is shown in Fig. 4.12 (a). Sample No. 4 recorded super-high thermal
conductivity values that reached around 130 kW/m.K. Sample No. 5 showed lower thermal
performance compared to No. 4; again, this can be related to the voids created at the
condenser section by having copper oxide CuO beneath the SAM coating. These voids will
be filled with condensate, which will degrade the heat transfer rate. From Fig. 4.12 (a-d),
it can be seen that the best performance with the highest thermal conductivity recorded
belongs to sample No. 4. The highest thermal conductivities achieved in Fig 4.12 (a-d) for
sample No. 4 were 130 kW/m.K, 110kW/m.K, 87 kW/m.K, and 88 kW/m.K, respectively.
These numbers conclude that the 0° inclination angle represents the best working condition
for a heat pipe with such type of treatment.
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Figure 4.12 Thermal conductivity with heat input for different inclination angles (a)
0°, (b) 25°, (c) 75°, and (d) 90°.
4.8.5 Overall enhancement
To sum up, all the results previously presented and to magnify the role of the
coating and to emphasize the effect of each sample configuration, Fig. 4.13 is given to
show the reduction percentage in total thermal resistance for each sample and considering
sample No. 1 as the reference for each case. One thing that is common in all cases in Fig.
4.13 is the performance, and the enhancement for all samples decreases as the heat input
increase because of the high evaporation rate and high temperatures [30]. Fig. 4.13 (a) for
0° inclination angle, the enhancement ranged between 75% - 96%, including all samples.
Sample No. 4 owns the highest enhancement values for each heat input case compared to
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the other samples. The reference sample, No. 1, showed poor performance due to the
inclination angle, which terminates any gravity assistance for the condensate returning to
the evaporator section. While for Fig. 4.13 (b) the reference sample shows better
performance as the inclination angle increase, even though the enhancement percentage
decrease for all samples in this case, still sample No. 4 has the highest values compared to
the other three samples. The same trend can be spotted in Fig 4.13 (c & d) were sample No.
4 owns the highest level of enhancement achieved in this research. This concludes that
sample No. 4 configurations represent the optimum case for these working conditions and
heat pipe dimensions.

(a
)

(b
)

(c
)

(d
)

Figure 4.13 Overall reduction percentage in total thermal resistance (a) 0°, (b) 25°, (c)
75°, and (d) 90° inclination angle.
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4.9 Conclusions
A series of tests conducted in this research to investigate the abilities to enhance
heat pipe thermal performance via the integration of nanoengineered surfaces. Hydrophilic,
hydrophobic, and a mixture of both surfaces are utilized on the inner side of the heat pipe
to create five different samples. One sample is considered as the reference sample, with no
surface treatment, to measure and compare the enhancement with, while the rest four
samples have different surface treatment configurations. Mainly, the condenser and
evaporator sections are involved in gradient wettability surface applications. The adiabatic
section remains intact. The results showed having a hydrophilic nanoengineered surface,
copper oxide coating CuO, at the evaporator section plus hydrophobic nanoengineered
surface, SAM, at the condenser section has boosted the thermal conductivity to a super
high values up to around 130 kW/m.K. While in thermal resistance manners, a maximum
reduction of 96% is achieved compared to the pristine heat pipe with no surface treatment..
Furthermore, the results showed having a combined nanoengineered surface in the
condenser section, copper oxide CuO and SAM, will degrade the performance. The reason
for degradation relates to the void created by the combination of both surfaces, which will
create water vapor gathering locations. The vapor will reduce the heat transfer abilities of
the section which in return will reflect on the total thermal performance.
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Chapter 5
Summary and conclusions
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5.1 Summary
In this dissertation, I aim to fabricate, analyze, and enhance the thermal
performance of Cu-water heat pipes. Thermal conductivity, thermal resistance, and heat
transfer coefficient have been characterized.

5.2 Conclusions
The work in this dissertation has been accomplished through three individual
sections. Each section focused on an important parameter that significantly affects heat
pipe thermal performance. These parameters are extensively investigated. Compared to
theoretical calculations in many cases, heat pipe performance has been dramatically
enhanced in terms of effective thermal conductivity. Below are the conclusions that are
drawn from each chapter:
1- High-Performance Copper-Water Heat Pipes with Nanoengineered Evaporator
Sections
In this study, the nanoengineered surfaces of CuO coatings have been successfully
integrated on the inner surface of the evaporator section of copper heat pipes with inner
grooves. Two types of coatings with distinguished topologies, i.e., Type I CuO and Type
II CuO coatings, are selected to demonstrate their effectiveness in enhancing heat pipe
performance. Heat pipes with nanoscale coatings have been systematically evaluated under
a wide range of working conditions. Compared to a bare grooved Cu heat pipe., the thermal
resistance of heat pipe has been reduced as much as 81.2% and 72% at 30 W with an
inclination angle of 90° using Type I CuO and Type II CuO coatings, respectively. The
primary mechanism behind such a significant enhancement is the promoted evaporation
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owing to the nanoscale superhydrophilic coatings, which enables more efficient thin-film
evaporation and more effective usage of evaporation areas of a heat pipe. The CuO coatings
were also shown to have great durabilities in sustaining heat pipe performance.
2- Filling ratio optimization for a high performance nanoengineered copper-water
heat pipe.
An experimental investigation was carried out in order to optimize the filling ratio of
nanoengineered heat pipes. The effects of inclinations angle and heat input power were
extensively investigated for the steady-state conditions. The tests aimed to achieve the
highest heat pipe thermal performance, represented by the lowest thermal resistance.
Copper-water heat pipes with an outer diameter of 12.7 mm and a length of 440 mm were
used. Four different filling ratios were studied; 3%, 5%, 10%, and 15% FR. The filling
ratio is denoted by the ratio of the working fluid volume to the volume of the evaporator
section of the heat pipe. The results revealed that as the heat input increases, the
temperature gradient among heat pipe ends increases. According to the results, the filling
ratios have been classified as an underfilled filling ratio (i.e., 3% FR), the optimum filling
ratio (i.e., 5% FR), and an overfilled filling ratio (i.e., 10% and 15% FR). For the
underfilled conditions, the dry-out happened at high heat inputs. While for the overfilled
case, the presence of a liquid pool at the evaporator section affected the thermal
performance negatively. The optimum FR for this research was found to be 5%, at which
a thin liquid film covers the evaporator walls under all operating conditions. Furthermore,
the heat transfer capacity of the evaporator and condenser sections were characterized by
the heat transfer coefficient HTC for all filling ratios cases. The HTC results marked that
the majority of the enhancement occurred in the evaporator section (HTC of evaporation)
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compared to the condenser section (HTC of condensation). Imura correlation, which is
developed for the pool boiling heat transfer, was used to theoretically calculate the HTC of
evaporation. While for the HTC of condensation, the Nusselt correlation was used. The
measured HTC of evaporation and condensation were compared with predictions. A good
agreement has been observed.
3- Thermal performance optimization of copper-water heat pipe by hydrophilic
and hydrophobic nanoengineered surfaces.
A series of tests conducted in this research to maximize heat pipe thermal
performance via the integration of nanoengineered surfaces. Hydrophilic, hydrophobic,
and a mixture of both surfaces are developed to create five different heat pipe samples. One
sample is considered as the reference sample, with no surface treatment, to measure and
compare the enhancement with; while the rest four samples have different surface
treatments. Mainly, the condensation and evaporation sections are involved with gradient
wettability surface applications. The adiabatic section remains intact. The results showed
that heat pipes with a hydrophilic nanoengineered surface, i.e., copper oxide coating CuO,
in the evaporation section and SAM hydrophobic coating at the condensation section has
boosted the effective thermal conductivity to a record value of 130 kW/m.K. While in terms
of thermal resistance, a reduction of 96% has been achieved compared to the heat pipe
without surface treatments. Furthermore, the results showed having a combined
nanoengineered surface in the condenser section, copper oxide CuO and SAM, degrade the
performance. The reason of degradation relates to the void created by the combination of
both surfaces, which will create a water layer and additional thermal resistance.
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5.3 Suggestions for future work
The present work is conducted with different operating conditions to evaluate the heat
pipe thermal performance using DI water as the working fluid. The two main factors
studied in this work were surface wettability and the filling ratio. The focus of this work is
mainly on the heat pipe evaporator and condenser sections. Thus; here are some
suggestions for future work:
1. Include the adiabatic section while altering the surface wettability of the heat pipe.
The adiabatic section serves as a channel to transports condensate and enhances the
surface wettability. This will create some thermal enhancement.
2. Implement different working fluids other than DI water such as acetone, methanol,
or even some nanofluid that could add more enhancing if combined with the surface
wettability alteration.
3. Increase the level of heat input for the tests, the highest in this work was 150 W due
to test setup restriction. Applying higher heat input would push the heat pipe to
critical limits and might open new doors for further enhancement or application of
the heat pipe.
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